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I. SUMMARY 

^  Bench-.cale .tudie. were direcled toward ^*"'}*^™t*t*n 

econom.cal proce.* for the preparation of h"~£'*??* ^^l 
chlor.nalion of boric oxide-carbon mixtures at '^^^ .»^P'^W- 
Over ZOO batch or .emi-continuou* te.l. were c

1
onducled.1" ':r

l"C
|
hJ0 

J.mch diameter,  vertical-.haft reactor, to evaluate .uch operating 
vanable. a. formulation,  particle .ire and den.ity of .olid, feed 
hid h.i.ht    temperature, and chlorine feed rate.    Yield., production 
r^e'!Reaction heat,  and extent of by-product formation were deter- 
mined for optimum operating condition.. 

Major ob.tacle. to conunuou. chlorination were found to be:U) 
the .oftenmg and fu.mg tendency of the bor:c oxide-carbon charge at 
reaction urn* rature.? and lb) the formation of a "white .olid." com- 
^ex :hKh3en.ed out of the reactor effluent ga. 'I'"™**'™1"* 
and tended to plug the .y.tem.    The f r.t ?'<>"•«^•^^•f,^. 
the development of a proce.s for preparng .phencal   ee

f
d PeUet' COn 

a nmg an exce.. of carbon.   Two workable .olution. to ^"C*n6 
problem were al.o developed     They were     a) ui. of a second reactor 
containing a hot bed of carbj^through which the P"™»^/"^" e(fect 

effluent would be pa.sed tether with •^•«•^/fJ^^VthV 
conver.ion of the compTex to boron trichloride. *nd. J   P""8'0^- 
reactor effluent through a cold column «« c"^.^U^fhf „^ °ohd8" 
carbon pellet»to effect conden.ation and depo.ition of the    white .olids 
on the pell^. which .ub.equently could .erve a. primary reactor 
feed. 

.  ^general,  the .tudie. indicated that .ati.factory yield, and 
production rate, of boron tnchlonde could be **"*•*%*"?* 
chlorination of boric oxide-carbon particle, in a vertical »haft re- 
actor maintained at 11C0 to ISOO'F. further .tudie..  preferably 
till larger equipment, are needed to clarify ^^^^^"^ t0 

determine operability of a continuou. moving-bed vertical .haft 
reactor. 

II. INTRODUCTION 

In November 1954 bench-.cale operation, were .tarted for 
the purpo.e of inve.tigating proce.. variable, encountered   * the 
production of boron trichloride.   Information and «xP"^ce "c»r*d 

from bench  .cale experimentation were required for the d.eB18n of * 
pilot plant.    The experimentation wa. divided into two major categoric 
Feed Preparation and Reaction.    Thi. report cover, only the Reaction 
.tudie.. 

Boron trichloride may be prepared by the reaction of mole- 
cular chlorine with boric oxide and carbon, anhydrous sodium tctra- 
borate and carbon,  or boron carbide,  a. follows. 

■ 

2B20, + 3C + 6C1Z >   4BC1, + 3C02 (D 

C02 + C                        ^    2CO 2) 

2Na4B407 t 14C1, + 7C    >  8BC1, + 4NaCl + 7C02 (D 
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CO, ♦ c ^ 

B4C ♦ 6CI, 

ZCO & 

->  4bCll t C 3) 

The relative amount» of carbon monojude and carbon dioxide formed and 
hence the carbon required is a function of the gas temperature and it re- 
lated to the equilibrium CO, ♦ C ^ >     2CO-    P^limiMry coat 
eitlmaie. and feasibility «tudiet indicated that the proceai jf chlorinating 
a mixture of boric oxide and carbon v.3i the mo»t deairable. 

HI. EXPERIMENTAL 

A. Apparatu» 

Figure  1 is a process flow sheet illustrating the various pieces 
of equipment.     The reaction and recovery systems are shown in Figure 2. 
The basic components of the experimental apparatus were as follows   (a) 
mlroRen and chlorine cylinders,  (b) rotameter(»).  (c) RA-1. vertical shaft 
reactor furnace,  (d; one or more traps containing glass wool,  (e) »«v"*1 

laboratory type pyrex condensers and custom made pyrex receivers,   (f) 
a water scrubber,   (g) a wet test meter,  (h) an Orsat gas •**%*•*» and 

U) Klass bubbler tubes containing 10 per-cent potassium iodide. 

CO * ei. ■> COClj ® 

or 

BCi, t  3H20   >   H^O, ♦  3HCI (Vl 

2BC1, t 3H20   >   8,0, ♦ 6HCI '?) 

 > NiCl, (1) Ni ♦ Cl2 

2Fe +  3C1,    >   ZFeCl, 05) 

The effluent gas stream from R-l first passed through one or more traps 
containing glass wool   which served to filter out any entrained sohda, 
and other solids originating from the decomposition of a complex which 
contained tnchloroboroxole.    Downstream from the filter trap» were 
located several pyrex condensers chilled M -60'F or lower which condensed 
boron trichloride,  chlorine, and phosgene.    Next, the condenser discharge 
gas stream was passed through a water scrubber.    The purpose of the water 
scrubber was to recover boron trichloride and phosgene and to remove any 
hydrogen chloride present in the gas stream.   The following reactions occur 
in the water scrubber: 

BC1, ♦ SHaO   >   3HC1 + H,BO, (I) 

COC1, + HjO   > C02 + 2HC1 (IP 

HC1  H*0     >    HC1 (H) "^ gas 7 aqueous — 

Noncondensable gases discharged from the water scrubber were passed 
to a wet test meter to measure their volume, and to an Orsat gas analyzer 
to determine the content of carbon monoxide, carbon dioxide, and oxygen. 
Finally,  the system was vented to the atmosphere. 
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B. Haw Material! and Freparauon of Rtactor Ftgd 

A litt of the raw material« used to produce boron trichloride 
along with the analyses and other pertinent data are presented in Table 1. 

1. Tablets 

The dry materials usually consisting of either bonr 
acid or boric oxide and Witco carbon black (or merely pure Witco carbon 
for carbon pellets) were mixed by hand.   Next, binder consisting of sugar- 
water, starch-water or chilled pitch was added and the resulting mixture 
was premixed and then mixed in a Baker-Perkins Sigma type mixing r-achme. 
The mixed material was then air-dried to remove excess moisture.  r;rr.ixed 
in a mechanically powered rotating drum and compressed into 1/ 4-ir.ch dia- 
meter tablets by a Stokes Tabletting Machine.    Finally the "green" tablets 
were sintered at 900 to 1300*F in a muffle furnace to drive off the binder 
and to convert boric acid to boric oxide.   Since the sintered pellets were 
found to be somewhat hygroscopic, they were stored in sealed glass jars. 
With proper sintering and materials handling procedures, residual hydrogen 
contents of not more than 0. 3 per cent (equivalent to 2.7 per cent water) 
were obtained. 

2. Briquets 

Witco SRF beaded carbon black and boric acid, (the 
latter had been passed through a micropulvenser), were premixed in a 
ribbon blender manufactured by the Day Company.   Binder, consisting of 
starch or sugar in water, was added in the mixer directly.    Additional 
carbon or water was added during mixing to produce a material capable of 
being briquetted.    The mixed ingredients were then pressed into briquets 
with the use of a Komark-Greaves Bnquettor.    The "green" briquettes were 
sintered at 900 to 1300*F in a muffle furnace. 

3. Spherical Granules 

Spherical granules,   1/16- to 3/4-inch in diameter, 
were prepared by spraying water to a bed of premixed boric acid and Witco 
carbon contained in an unlined flighted drum which rotated about its longit- 
udinal axis.    The wet granules were predned in a rotating drum to elimin- 
ate excess moisture after which they were screened.   Screened fractions 
were sintered at 900*F.   Precautions were taken to minimize absorption 
of moisture during storage. 

C. Procedure 

First, the reactor, R-l (wh .^n was, in most cases a standard 
3-inch nps x 12-inch heated pipe) was charged with a bone oxide-carbon 
feed and this charge was heated to the desired initial operating temperature, 
usually 1100* to 1500aF.   A nitrogen purge was maintained throughout the 
heating period.   After reaching the temperature of test, the nitrogen purge 
was eliminated and gaseous chlorine was passed to R-l after passing through 
a series of driers, and a rotameter.    The following reactions occur in R-l: 

Main Reaction: 

and 
2B20, + 30 + 6C12 = *- 4BClj + 3C02 (T) 

COj + C   ^ ^    2CO © 
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Undesirable Side Reictiont 

BCl, ♦ BaO,  

D. NomcncUture U>ed to Designate Solid Feed Compoiition 

•> CBOC1), ® 

A code van developed in order to de.ifnate the formuUtion ol 
■ olid feed.    An explanation of thi» code follow« 

Boron-containing 
feed formulation 

item 

A- 100        W 10 SuWa     (SOWa) 

if       4        4        "i 4        4 
12 3 4 5 b 

item 1  ia source of boron 

A 
O 
NBO 
B4C 

boric acid, H|BO| 
bone oxide, B|Oj 
Sodium tetraborate, NajB^.   (anhydrous) 
boron carbide,   B4C 

item i is per cent excess carbon over the stoichiometnc quantity based 
on the following reaction- 

B,0, ♦  JC ♦  3Cli -^ ZBC1, ♦  3CO CTJ) 

Example A'lOOW.    If 123.6 g. boric acid (2 moles), 
which is equivalent to 1 mole of BjOi are 
used, then 72 g. Witco carbon (6 moles), 
are added. 

item  3 is* source of carbon 

W Witco Chemical Company 
Furnace Black:  F-l powder for pellets and SRF 
beaded black for briquets. 
CG = Calcined Gilsonite 
PC = Petroleum coke 

item 4 is weight per cent of the binder on a wet basis. 

item 5 is type of binder. 

K-150 = Koppers pitch,  m.p.,   150*F 

K-Z00 = Koppers pitch,  m.p.,  200oF 
SuWa = Sugar-water 
S Wa = Starch-water 
M Wa = Industrial molasses-water 

item 6 is weight per cent of water in the binder. 
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E. Chgmtcal Amtlyt«» 

1. Sohd r«c<i Matgri^l 

Fe«d materUl containing boron and carbon was analyied 
for boron, carbon, and hydrog.n.    In th« early pha.e of bonch-tcale pro- 
/.. deve opment .ludi... carbon fd (br.qu.l. or pollet.) wa. •^W«^ 
or Crbon a^d hydrog.n only.   However, te.l. .bowed that a «•«•**.£*• 

.mourn of boron was picked up by carbon mixe, during mixing and briquet». 
mg.   Therefore a boron analy.i. wa. included.   The analytical P'^ure 
wf. a» follow»    A ground .ample contained in a fritted gla.. crucible wa. 
.a.hed with a dilute acid .olution.    The pH ol the filtrate wa. *i™**£i*t 

to addition of manmtol to complex the boric acid, and the re.ultant .olution 
wa. titrated with .tandard .odium hydroxide.   A pH meter wa. u.ed "> 
determine the endpomt.   Next the re.idue wa. dried at •PPr0X1™ml;?*yJ™*; 
The weight of dried re.idue wa. reported a. per cent carbon.   Hydrogen wa. 
determined by the .tandard combu.tion method utili.mg micro or macro 
technique.. 

Z. Proce.. Anaiye. 

Figure 3 .ummanxe. the variou. chemical analy.e. 
for chlorination expenmmt. which were required for calculation of material 
balance.,  yield.,  recoverie. and over-all .tream compo.ition»..    Conven- 
tional method, wert employed.    Pho.gene wa» determined by .nfrared 
analy.i.. 

F. Electrode Furnace. 

1. Electrode Furnace Type I 

A drawing depicting the detail, of the electrode fur- 
nace i. pre.ented as Figure 4.    The electrode furnace.  Type I    consisted 
of .ix 1-inch diameter graphite electrode, enca.ed in Vycor and in.erted 
into a ceramic or Vycor glass reaction tube.    The de.ign of the reactor 
packing gland permitted linear adju.lment of the electrode, to compensate 
for consumption during reaction.    All electrical path, were in.ulated from 
metal component..    Power to each of the three electrode pairs was con- 
trolled by individual 220-volt,   single-phase Variacs. 

Table II summarize, the work performed with the 
Type I electrode furnace reactor.    All the tablet, used for this series of 
experiments were prepared with Welding Engineers Pitch as binder. 
The results were unsatisfactory because of an inability to heat the entire 
furnace to reaction temperature.    Preferential current path, were observed 
in the reactor and the bed was fused after every heating attempt.    Contact 
between the   electrode and the pellets was lost periodically and the electrodes 
had to be in.erted further into the tube to regain contaci with the bed. 
Power required to maintain the bed at l600eF was found to be 250 watts. 

The electrode furnace was charged with crushed 
and sintered feed material so as to attain better contact with electrode«. 
However,  this modification failed to result in improved operation and 
the bed fused as before.    An attempt to obtain better distribution of the 
heat by passing chlorine through the bed was also unsuccessful. 
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Two elecirode«. rarh «ight irehes high »ad oi.e inch 
wide, were pUced in..de the fttrn*ce p»r*nel to »• J opposite etch other 
in order to mcremee the effective heating vjlum    of the bed.    Preferenti*J 
current *nd hemtmg paths were again noted but mghcr temperatures wers 
ob.erved over s greater bed depth.    The boric «^«••«•jJ^i^JJ!«0? " 
tsined in the minified electrode reactor wai heated to IZ9C  F (700 C) in 
localised areas.    However, fusing of the chsrge pertisted.    Chlorine was 
not pasted through the bed.   A repetition of this emperiment produced ihe 
■ atne result» 

2, Electrode Furnace Type 11 

A second resistance bed electrode furnace was fab- 
ricated.    It consisted of a 4-inch mmde diameter bv U-inch long Hastelloy 
pipe lined with a feparate piece of Vycor pipe.    Each of the three electrodes 
consisted of an S-inch high by 1-inch wide by 1.2-inch ihick piece of graphite 
attached to a horisontM 1-inch diameter piece of round graphite which ex- 
tended through the Vycor and Hastelloy tubes, and through the Vtrmlculite 
and Transite ms^ation to make contact with the power leads.   Power was 
supplied by a J-phase,   220-volt line with individual variac control to each 
electrode.   The reactor was equipped with three hontontal ceramic 
thermowells encased in 1/Z-inch diameter nickel pipes and spaced 2-1/2- 
inches above each other. 

Results of a calibration experiment with sintered 
carbon pellets as the charge are shown in Table III. Approximately one 
and one-half hours were required *o raise the bed temperature to 1100  F. 
The power necessary to maintain that temperature was 757 watts.   Power 
required to maintain a temperature of 1300*F was 956 watt». 

Chlorination experiments were not conducted with 
this furnace because work had been initiated on another reactor system 
wmch seemed more promising, 

G. Externally Heated Reactor (Resistance Wire-Heated) 

Figure 5 is an illustration of the resisUnce wire furnace 
used.     Nichrome wire covered 8 inches of the 12-inch effective heating 
zone.   The reactor design permitted intermittent manual feeding of solid 
feed as well as intermittent bottoms removal.    The reactor parts were 
fabricated from nickel or high nickel alloy except the feed and ash re- 
moval valves which were cast iron.    This design enabled the replacement 
of a defective reactor tube without replacing or modifying the furnace 
headers. 

Initially, a 51-mm. Vycor tube was wrapped with Nich- 
rome wire having a resistance of 20 ohms.   Power was supplied through 
a 220-volt variac.   This furnace containing boric oxide-carbon tablets 
was heated to 1320*F for one hour and the bed was not fused when examined. 

The Vycor tube, however, was found to be fractured and it 
was replaced with a 2-inch n.p.s. nickel pipe, schedule 40.   Shorting 
of the resistance wires was minimised by imbedding them in alundum 
cement.    This reactor was quite durable and was operated for as many 
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*• ttx ««Mrtmvilt toion lh» wtf»t »hon circattffd.   Th« two-meh nteMt 
r.ittor w*t r«pUt»d wilh a l-mch nick«! pipe.   On« cKJormaiio« •*p*rt' 
m*nt ••• conducted wiih u.r of A 4-inch re*cior plu» th» gentfÄl tquiptnent 
•hown m riguros I and Z, 

During mom\ of the «KpenmrnU boric oyid#-c«rbon p«Ileti 
were ftd ••mi-continuouily to the primary chJurin*tor,  R-l.   Al tnttrvali 
a combination bod lovol bod-packini tool »aa ina.rted at the top o( the 
reactor, to p.ck the bed and check the level.   Additional feed w«. added 
to bring the bed up to the original level and aah wa« periodically with 
drawn through the bottom valve.    The tocorporatton ol a double-valve, 
air lock feeding tyttem eliminated the neceanty of turning off the chlorine 
during bed level checki. packing of the bed. or charging of freah boric 
owde-carbon feed.    Operating mitructioni called for continuou» oporatiM 
until difficuitiea iuch aa e»cea«ive leakage due to plugs in the reactor bed 
or effluent gas etream or corrosion of metal components forced termination 
of th* experiment.     Tables IV and V .1 mmanse the results of the preliminary 
process-development cWonnation experiments. 
IV.        PROCESS VARIABLES 

A. Production Rate vs. Chlorine Rate 

Figure 6 ia a plot of chlorine rate vs. boron trichloride production 
rate.   A production rate of 90 lb./hr./ft." of charge v4.4 lb. BCli/hr. for a 
12-inchx 3-inch diameter bed) waa attained at a chlorine rate of 34 cu.lt. ^hr. 
at S.T.P. iBL-Zb). and chlorine did hot appear in the ef/lueni «ntü 9 nrunuies 
after startup.    Chlorine rates higher than 34 cu.ft./hr. at S.T.P. were not 
attempted because of the inadequacy of the recovery system.   Assuming 50 
per-cent void space in the bed under the conditions of BL-26, the minimum 
residence lime of chlorine in the healed bed was calculated as 0.2S second. 

B. Feed Formulation 

Figure 7 shows the effect of varying amounts of excess carbon 
on the boron trichloride production rate vs. chlorine rate curve for full - 
bed (12-inch solid feed) experiments.    To eliminate any ^V*0"0» 7*/*° 
reaction temperature, only data in the temperature range 1307 to 1364  r 
are plotted.   A single exception to this temperature limitation is one point 
at 1242^.   Figure 7 shows that the amount of excess carbon, ranging 
from 20 to 200 per cent,  has an insignificant effect on the production rale. 

C. Relative Reactivity of Boric Acid and Boric Oxide Base Pellets 

A series of chlorination experiments were performed to deter- 
mine the relative reactivity of boric oxide and boric acid base pellets. 
In each case the pellets charged to the reactor R-l were sintered 10 con- 
vert boric acid to boric oxide ana to drive    off the binder.    The results 
of these experiments are presented in Figure  7. Boron Trichloride rale 
versus Chlorine rate.   Comparing the curve for A.100W25k.  150 feed with 
those for boric oxide base pellets, it is apparent that there is an insignificant 
difference between acid and oxide as a starting material with respect to 
boron trichloride production rate. 
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D. Effgct u( T«mpgf tur» 

The lUta plotud in Figure 6 iprodttction rai# v«. chlorine 
rat«) «r« for tMorin*tion »Kponmenti m»d« in the i«mper»ture range 
1110* I» IMl*f«   There«    ie not «ppeer to be *ny eiinifiCÄnt diicrepÄncy 
in the  let* plotted for the line which cannot be Attributed to e«perin»nl»l 
error.   Proceit development etudiei performed by the ChemicÄl Reaearcn 
Deportment tOlin M.thieton ChemtcaJ ^^^«t^Jf^Jj*1.^t.. 
*dv.ntMe. of preparing boron trichloride at |74?*r "^r

4^#
l"J ' 

«re threefold   I») the rote of reoction if U.ter,  tb) the period of complete 
chlorine convereion It longer, and *c) there oppeore to be let» eolid 
intermediate i"white eolide") deposited in the effluent gat linee. 

A plot of chlorine convereion vt.  initial bed temperature for 
feedt containing various amount» of excett carbon it pretented in Figure ». 
The data for each level of exceet carbon eahibitt a high degree of ««P«^' 
mental tcatter.   If any pottibl« influence of excett carbon it ignored the 
retulting line mdicatee that mcreating the initial bed temperrture produ.et 
an mcreate in the chlorine patt yield convertion.   For experiment» at 
higher temperature», the volume^depth) of bed necee.ary to preheat the in- 
coming cold chlorine wat le»» than that required for experimantt at 
relatively low temperature».   Con»equently it i» believed that part of the 
increa»ed boron trichloride production rate of higher temperature» it 
attributed to the g*in of "effective heated volume of the bod".   Additional 
«xpenmrnt» to e»tabli»h the effect of tempeiature more accurately were 
not mide becauee of the urgent need» to evaluate other procett variable». 

E. Effect of Bed Height 

The reactor bed height appear» to be a very important 
variable.    Figure 9 depict» the relationthip between boron trichloride 
production rale, Ib./hr^t.* of charge and chlorine rate for »everal 
bed height».   Thit figure »howt that higher production rate» are exper- 
ienced for smaller bed heightt.   Figure 10 illuttrate» the effect of bed 
height on boron trichloride production rate at »everal level» of chlorine 
throughout and thit plot alto »hows the »ubstantially higher production 
ratet at lower bed levelt. 

A''.hough lower bed heightt retult in increated boron tri- 
chloride production on a lb. /hr. /ft.1 of charge batis, thit increate is 
attained at the expente of lower chlorine convertiont.    Thit tuppotition 
it illustrated in Figure 11.  "Chlorine Convertion vt. Chlorine Rate for 
Three-, Six-, and Twelve-Inch Bed Heightt".  Referring to thit figure 
the following chlorine conversions are noted for 10 cu.ft./hr. at S.T.P. 
of chlorine: twelve-inch bed,  59 per cent; tix-inch bed,  53.5 per cent, and 
three-inch bed,  41 per cent. 

F. Recoveriet and Yields 

In Table V,  the recoveriet and past yields are summar- 
ized.    The per-cent recovery doet not total 100 per cent because of 
such factors as; (a) inaccurate rotameter readingt; (b) leaka in the re- 
covery system; and (c) incomplete samplings.    For full-bed (12 inches) 
experiments, the following average values were calculated 
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The low boron pot« yield it attributed to incomplete reaction and to 
bormanon of white tolidt.   Tht difference between chlorine recovery 
and chlorine patt yield repretentt Cl" at hyUrogea chloride and con- 
dented free chlorine.   Although the purity of the product thowt a 
contiderable range for free chlonm- content, approaimattly 2S per cent 
of the full-bed experiment t yielde«1 condenttd product with a free 
cnlorine con'ent of leat than 1 per cent.   Condented product from tht 
prelimi-t^y procett-devtlopment txperimentt wat not analyted for 
photgenc.   However, the photgene content of condented product from 
expenmentt uting boric oxide-carbon bnquett at R-l tolid feed wat 
between 0.0 and 0.9 per cent. 

G. Formation of "White Solidt' 

Reference to the "remarkf column.   Table V, thowe 
that quite a few expenmentt were terminated becauie of the formation 
of plugt in the reactor effluent gat linet.    Thete plugt were cauteJ by 
formation of fluffy white material detignated at 'white tolidt".    To 
prevent   thete tolidt from collecting in the tpiralt of the product con- 
denser»,  glass wool wat interted in the 2-inch pyrex ■.•ffluenl aas line 
to serve as a filter.    The pretence of thete solids may be attributed 
to the formation of a complex which contained tnchljroboroxin«',  which 
according to the literature,  decompose« very npidly and «jve« off 
hydrogen chloride when expoted to the atmosphere (1). 

Table VI lists the compositions of the oohd«, found in the 
effluent gas lines for expenmentt 450D-48 and BL-1 to 25.    Solid« were 
exposed to the atmosphere during sampling and «ample preparation. 
Thete data are pre«tr.ted graphically in Figure 12.    Indication« are that 
larger concentration» of boric oxide are pre«ent at the higher chlorine 
rates.    Table VII is a compilation of weight of boron in boron trichloride 
produced divided by weight of boron in the "white «oUd«".    An attempt 
to correlate the BRri   to B .   .    ratio with chlorine rate, tem- 
perature and bed  "^MevelwV» nÄ successful due to scatter of the data. 
However,   Figure 13,   »Effect of Chlorine Rate on  BBC1   to B whlte „oijdg 

Ratio*' auggestt that greater boron conversion (to boron trichloride) 
is attained at higher chlorine ratet.    The data contained in Table VII 
indicate that,  on the average,  a BBC1   to Bwhite 80iids 

rat10 of 14 may 
be expected. 

"White solids" were «ynthesized in the laboratory by 
passing boron trichloride through a bed of dry boric oxide at temperature« 
as low as 57U*F.    Nitrogen or chlorine did not produce "white «olids" 
when passed through boric oxide which «how« that thete »olid« are not 
entrained.   When a portion of the tynthetiied solid« were heated to 1110^ 
(6000C), they did not ««ublime but instead formed a aticky ma«« presumed 
to be molten boric oxide. 

(1) "Trichloroboroxole", Goubeau and Keller,   Z anorg. u. algem. 
chem. 265, pp. 73-89,  1951. 
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An 4t .r»» »mmpl* of "whilr iolldi" «rat olH*in«d uttng 
■ ow-mch V^tar tube conuming p#lUli»«d boric .o»id«-t*rbon ^«^ 
h««t#d bv * «^»i »lem^nl resisUncr wire (urnac«.   Th»i «ample yielded 
« boric OÄide to boron trichloride ratio o( J.06 to I, which ioet not 
corrr«pond ta the 1  I  ratio ol trie hioraboro«ine. 

Various aitrmpt* were rnade to eliminate or decrease the 
amount ol 'whit* »olid«'  formed.    A reactor conummK J00 per cent 
eacesa carbon faded to effect a reduction. 

The aolidi depo«itrd in the effluent gaa linea were not 
always white, on many occasion« they were contaminated by appreciable 
amount» of chlorides of nickel and iron.    Compositiont of solid« collected 
in the effluent gas lines during enpenment« BL-28 to IS are shown in 
Table VIII. 

White solids* caused »evere operating difficulties because 
ihey plugged the gas lines.    It is believed that »he boron trichloride produced 
in the chlonnator reacts with bone oxide in the feed to form the compound 
truhloroboroxme,  or 5,0,01, which deposits out of the gas «tream at 
approximately S70'.    The compound when decomposed,  liberates boron tn- 
chlorid.« and deposit» boric oxide containin* a portion of trapped boron 
tnchlonde    b.p.      S4. S'F as white solid«. 

H. Formation of Hydrochloric Acid 

Even for experiments at low chlorine rates showing very 
little ihlonnc in the condensed product,   the chlorine pas« yield (conversion) 
was siimifuantlv lens than   the chlorine rccoveryi for example in expen- 
men« BL-IO at 9.5 cu.ft./hr. at S.^.P.     : chlorine, there was 0. Z9 per cent chlonr* 
»n the condensed product,  chlorine recovery was 76.7 per cent and chlorine 
iDnversion was 6S.b per cent. Infrared and mass spectrographic analyses of 
the reactor effluent gas indicated the presence of 10 to 30 per cent_ hydrogen 
hlonde.    These results were substantiated by the presence of Cl    m the 
^ater scrubber in considerable quantities above the Btoichiometric equi- 

valent of the boron content.    For a bone oxide-carbon pellet feed containing 
11  per cent boron iB,0,) and only 0.2 per cmt hydrogen (water) the chlorine 
conversion is reduced by 6.7 per cent in accordance with the reaction: 

2BC1, + 3^0   *-    BjO, + 6HC1 (1) 

The detrimental effect of relatively small quantities of residual (after 
sintering) hydrogen,  in reducing boron am1 chlorine conversions,  contributing 
to "white solids" formation, and indirectly increasing corrosion,  has been 
recognized.    Therefore, appropriate precaution» were taken in storage, 
sintering, and handling to prevent absorption of moisture.   Sintering 
experiments indicated that it was almost impossible to reduce the residual 
hydrogen content to a level less than 0. 1 per cent (0.9 per cent^water) 
and that increasing the sintering temperature from 900 to 1300oF not 
only failed to reduce the hydrogen content, but also increased the boron and 
carbon losses. 

The average hydrogen chloride-boron trichloride weight 
ratio for eight randomly chosen full-bed experiment» was 0. 38; hydrogen 
chloride-boron trichloride weight ratios for these experiments are pre- 
sented in Table IX.    The highest  hydrogen chloride-boron trichloride ratio 
of the eight experiments was exhibited by 3L-18,  0.629,  and the lowest 
by BL-19,  0.232. 
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I, CtfbonMoooyd»-Carbon DiO«nt» lUlto i» IK» V»nl OgJ 

UM rÄfban moniMid#-c«rbon diu«idr r«tiot obutnrd tn th# 
vent gat«« for th»i« •vp«rim«ntt «r» »hown m T«W» X «ml Figur« 14. 
Th« Uu«r inclad«t cur#«« «or th« tli«ro«ttcal carbon dio«id«. cor bor mono- 
xid« rqutltbnum J) r«Ulwnthip wilh and withOMt fh« diluH^» rfl«ci of 
boron iruhiond«.    Figur« 14 »how» thAilht |»r«««nc« of buron trichloride 
or *ny other diU«nt «ucb ft« pho»g«nr. hydrt>«rn chlond«. or frr« rhlorin« 
lend» to dtiplac« th« carbon mono»»d«.<«rbon dtoxid« v«. t«mp«r*lttr« 
curve lohighrr ratios. 

Th« «»act mrchamtm of th« r«action It not known.     It la b«li«vr.» 
that th« r«aciion |»roc««dt by on« of two patha 

5,0, .  SC ♦  ICI4  f  2BCI, » »CO (JJ) 

finally CO, ♦ C -J ^CO ?) 

or iB,0, • IC ♦ 6C1, ¥  4BCll ♦ «CO, ® 

CO, • C   1  ^CO 3) 

Figur« 14 »how« that incr«aaing th« b«d h«ight ilonger r«aidence 
tim« for CO, t C ElCOoqttilibrittm),  cause« an incr«at« »n carbon 
monoxide-carbon dioxide ratio.    Thi« ob««rvalion suggcats that carbon dioxide 
rather than carbon monoxide is formed fir«t,  equation J).   Cleveland 
Industrial Research, a «ubco" raclor,  reported that hot boric oxide did not 
chlorinate when «objected toa mixed «tream of carbon monoxide and chlorine. 

The data comained in Figure 14 indicate that carbon dioxide anil 
nat cirbon monoxide i« formed initially and hence reaction {D occurs.    The 
higher than theoretical carbon monoxide-carbon dioxide ratio« for 12-inch 
bed« may be attributed to the presence of hydrogen chloride and/ or phoegene 
in the reactor effluent ga« «tream. 

J. Bed-Movement 

By far the most «urious operating difficulty experienced 
during the foregoing semi-continuous and subsequent batch chlonnation 
experiment« was the failure of the bed to drop even after it was almost 
thoroughly chlorinated.   An examination of the reactor bed prior to pass- 
age of chlorine, by probing with«metal rod always showed it to be soft 
or fused.    This characteristic,  is attributed to the physical characteristics 
of amorphous boric oxide.    The amorphous form has no definite melting 
point.    At TSO'F, amorphous boric oxide softens «ufficiently to be mechanically 
deformed; at 1110 to 1290T, the viscosity is reduced so that extrusion 
is possible, and at temperature« above 1440,F, it melts.    Consequently 
softening of the bed to some extent i« almost unavoidable.    To alleviate 
softening and fusing,  the «olid charge for moat chlorination  experiment« 
contained a considerable amount of excess carbon.   Attempts to correlate 
bed movement difficulties with chlorine rate and bed temperature were not 
successful. 
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V. Mi Or A CARHON BED TO COHVERT WHITE SOLIDS 

A. Dtteutkion 

Th» NrMt« »oiidi- formed Aloni wilh boron inchiond« 
rcsultrd in iduütn« of she «(fltMnl gat linti n#ct««itattng Ircquen! th it 
dawn, and rvdurtion in chlunnt *nd boron conversions.   Solid accamuUl- 
in4 in th« hn»» would pr«v«ni continuous op«rotion of a commcr«.!*! aiat 
raartor.   It was bollsvad that ainca tnr •whit« solida* appeared to be 
boric oxide Uiey could be reacted in the presence of carbon and supple- 
mentary chlorine to form additional boron trichloride.    An extensive 
test program was initiated to determine   (a) the feasibility of using a 
carbon bed, and ib) U.e optimum siae of carbon bed for white solids con- 
version.   All the carujn bed experiments *ere of the "batch" type. 

At first a 1 -»nth diameter x U-tr  n long honaontal 
auxiliary carbon bed was installed Immediately downstream from the re- 
actor.   Expenrmnts BL-J4 to 41 were conducted with this addition.    The 
results were not conclusive.   In a second set of experiments, carbon 
pellets were charged directly into a J-inch inside diameter by U-mch 
(heated length) chlorinator on top of a charge of boric oxide-carbon 
pellets.    The results of those special experiments (A-l, 2 and 6) were 
so encouraging as to warrant fabrication of a 2-1/2-inch Inside diameter 
x 24-inch long carbon bed reactor.   Experiments BL-45 to 56 were made 
with thia larger carbon berl in a honaontal position.   Excessive channel- 
ing through the carbon bed necessitated the installation of a vertical 
carbon bed.    Thirty-one batch chlorination experiments (BL-57 to 83) 
were made in the 2-1/2-inch inside diameter by 24-inch long (heated) 
vertical bed.   Chlorine rate and carbon bed level were varied to obtain 
design data.    Experiments BL-84 lo 91 were performed to determine 
the effect of feed formulation (per cent excess carbon) on production 
rate.   Except for a few control experiments a separate stream of 
chlorine was passed to the carbon bed.    The results of the carbon bed 
experiments are summarized in Tables XI, XII, and XIII 

B. One-Inch Inside Diameter  Horisontal Carbon Bed 

The apparatus utilised for this series of experiments, 
BL-34 to 41, was essentially the same as that used for the preliminary 
process-development studies as illustrated in Figures 1 and 2.   A 1-inch 
inside diameter by 12-inch long horixontal carbon bed tube was installed 
at the I-inch nickel pipe section of the chlorination reactor effluent 
gas header.    The carbon bed charge consisted of carbon (Witco) pellets 
and was heated to approximately ISOO'F.   A supplemental chlorine atream 
we« passed to the carbon bed, R-2.    The R-2/R-1 chlorine feed r%uo 
was r. 2. 

In general, the operating procedure was the same as that 
used for the preliminary process-development studies.   However,  si »ce 
these experiments were batch type, boric oxide-carbon feed material 
was not charged during the experiment.   Operating instructions were 
to pass chlorine until free chlorine appeared in the effluent gas stream 
as indicated by color change of a 10 per-cent potassium iodide bubbler, 
or until excessive pressure or any other operating failure forced 
termination. 
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figure II comparts the prottacuon rat* vt. elUorin» rat« 
curv* lor the 1-tnch a U-inch carbon br«! #sp«rim*iil» with corrv^pandm« 
carv«*t for lli# praliminary procoat-davtlopmant •«pcnmrnia.   Two I a 
U'tnch rarban brd produrtion rale curvei are ahown. ona based on thr 
chlortnr rale 10 theprimarf reactor HI, and the olhtr bated on tmal 
chlorine rate lu R-l and R-i.    A comparttoa of lilt regular taptnmtnt 
(no carbon bed) curve with that for 1 * U-tnch carbon bed exptnmtnta 
ba«td on chionnt rair of R-l only,  mdicatta thai addittonal convtraion 
occurred in Ihr carbon bed iR-2).   Ho^evtr. wiih ihe total chionnt 
rate aa a bana, it wa« apparent that wo»! of -he chlorine fed to R-l waa 
not undergoing reaction.    Alto, Ihe avtragt chAorint convtraion for 
tht 1 > IZ horlaontal carbon bad txptrtmenta. %4.1 par ctnt. waa lowtr 
than that for rtgular txptrimtntt, 6S ptr ctnl.   Tht avtragt ratio of 
boron in boron trichlondt to boron in whitt solid» was It.S which doea 
not reprttent an improvtmtnt ovtr tht ratio.  14, obUtnad for the tarlitr 
txptnmtnta. 

Tht tfflutnt gaa vtlocitv was incrtattd 9-fold in Ihr 1-inch 
intidt diameter carbon bad afttr patting from tht l-lach maidt diameter, 
primary reactor,  R-l.    Tht abort rendenct limt apparent!v was not 
sufficient to permit convtrtton of tht solids.    Tht auxiliary carbon bad 
was thtn chargtd dirtctly Into tht htattd aont of the rtactor on top of 
the boric oxide-carbon charge to dettrmint tht tfftctivtntts of a carbon 
bad in a J-iruh diameter rtactor. 

C. Layer of Carbon lellatt on Top of Bone Oxide-Carbon 
Pellett ' 

The apparatus use«! wat the tarn« aa that for the preliminary 
procets-development ttudiet. 

Firtt,  bone oxide bane pellett containing 100 per cent excett 
Witco carbon were charged to R-l  so that a 3-inch tall bed was contained 
in the hot «one.    On top of thit feed, a 3- or 9-inch layer of Witco carbon 
pelleta was added to serve at the carbon bed.    Chlorine at the relatively 
high rate of 20 cu.  ft. /hr.  at S.T.P. was passed to R-l until ^ ' /as 
assumed to be exhausted based on predetermined calculations ^.r  until 
operating diifitulties forced t   rmination of the experiment. 

The average prouuction rate lor experiments BL-Sp.  Exp. 
A|, A2,  and A,,   142 lb. /hr. /ft.' U bed (Table XII),  (based on a 3-inch 
diameter x "3-iiich high bed) was greater than the calculated for a 3-inch 
reactor bed height without a carbon bed,   130 Ib./hr./ft.1 of charge using an 
extrapolation of the data presented in Figure 9.    In view of thete encourag- 
ing results,  a 2-1 /2-inch inside diameter x 24-inch long horizontal car- 
bon bed secondary reactor was fabricated for further carbon bed experi- 
mentation. 

D. 2-1/2-Inch Inside Diameter by 24-Inch Horizontal Carbon Bed 

The reaction,  carbon bed,  and solids recovery section 
of the apparatus used for experiments BL-45 to 56 are illustrated in Figure 16 
The resistance wire-heated R-l used for previous experiments was replaced 
with a gas-fired reactor of the tame dimensions (3-inch n.p. s. x 12 inches 
long).    Carbon pellets in the nickel carbon bed reactor were replaced after 
ever 3 experiments.    The solids trap assembly depicted in Figure 16 
was found to be ineffective and was replaced with a 2-inch diameter pyrex 
pipe containing glass wool.    No changet were made in the recovery system 
illustrated in Figure t 1 and 2. 
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Chlonnr How «At m4inlAAn»4 anlil fr«« cWonn» «pfw«r»d 
,n ihm rwtor «Illi^n! or unlil « l«rnru«*li«» i^t fi»c««iiUl»«i by optr»iio«Al 

^d 0  I.  With lh» »«r^pf..!« of IIL.4S.  m ^l ^V1^* '••^^j;™ 
w«. a»ed. the primAfy rtaclpr ctuirg« con»iM«d of A-100 w •mitrea 
prllclt. 

In Figur« H the production r*l« v», chiorin« r*l# d«i* 
«re plotied with th* utr o( both tho chlonnr rate to RI only »nd total 
c Klor.nr rate a. a ha.»..    Both curve, •»hibil ^'»V"l ri7« Jr» 
•Umficantl    higher than thai for tho regular (no ^^^> •«JflV. 
men»!.   Th  »e data indicate that virtually all of the *-l chlorine feed 
reacted with the »white aolidi" or comple« to form additional boron 
trichloride.   Thi. ob.ervation wae tubitaintiated by the »nc'""0 

average chlorine converaion {71 por conl) «a oppoatd to S9 to b4» per 
cent (or the regular exponmentt. 

Although the t-\ii * 2-»- mch hontontal carbon bed appe»red 
to ba etfective in converting the complex,   tome un. ertamty eicieied.    A 
..ngle control experiment .no carbon bed).  BL-SI.  gave re.ult. wh,ch .eem- 
ed to d4.credit the effectivene.s.    The m.tallation of the ga.-fired reactor 
reduced the height of the effective heated reaction ion« from 12 inche» to 
approximately 10   nche..   Con.equently. production rate data for experi- 
menti BL-45 to ib are ba.ed on a I0.;nch rather than U-inch bed height. 
Calculating the production rate data on a U-mch rath« r than lO-inch 
basis would cause the 2-1/2 inch carbon curve to regr«.. toward the regular expe 
menf       curve.    It is safe to assume that a considerable amount of 
channeling occured.    That is.  the carbon pellets would have a te.idenry 
to settle thus permitting part of the R-l effluent gas to pass through the 
carbon bed without contacting the carbon pellets.    Therefore,  a vertical 
carbon bed was installed. 

E. 2-1/^ Inch Inside Diameter by 24-Inch Vertical Carbon Bed 

The reaction section for this series of experiments was 
identical with that used for the 2-1/2 inch inside diameter horizontal carbon 
bed experin«nts except that the carbon bed wa. vertical and a heat ganger 
was installed between the primary reactor.  (R-l) and the carbon bed,  (R-2). 
This heat exchanger which used hot flue gas from the gas fired R"1 w»» 
incorporated to prevent deposition of white solids between R-l and R-2. 
No changes were made in the recovery system. 

Beginning with this series of experiments the method of 
charging the bed was changed.   H«retofore the cold «one (pipe section 
below the hot zone) contained boric oxide-carbon feed material.   From 
BL.57 on,  carbon pellets were fir.n charged to R-l up to 1 inch above 
the bottom of the Transite shell.    Eleven inches of boric oxide-carbon 
pellets or briquets were then charged to R-l on top of the carbon pellet 
layer.    The 2-1/2 inch Inside diameter x 24-inch long carbon bed was 
filled with fresh carbon pellets for each experiment.    The height of the 
carbon bed was varied from 0 to 24 inches.    A stream of chlorine 
amounting to between 10 and 20 per cent of the R-l rate was passed to 
the carbon bed.    For experiments in which no carbon pellets were used, 
a small amount of chlorine was fed directly to R-2 for the purpose of 
duplicating a chlorine atmosphere.    The carbon bed charge was supported 
by a slotted spool piece inserted through the bottom flange so as to con- 
tain the entire bed in the hot zone.   Experiments were terminated when 
free chlorine appeared in the R-2 effluent gas stream or when operating 
difficulties (high pressure, leaks) necessitated shut-down. 
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TM rtir.-. of CAfbon t»ca hi>i«M on borwi mcHlort«*« {»raduition 
f*tr vt    R-l *lUorii»# -«it »§ a#|»uird tn Fiiuro 17.   A production roi» cunr» 
lor Iho pr#l»min*rv procvat dovtlopmrm •ludtot It m» Udr«? (or componson 
Figurv 17 thow« ttiot * contiderAblc portion of the carbon Hr.! chtonno 
•tr»am rvaitod to form «dditional boran irithiorid«.   TabU XI •how. that 
many r«perim«nta of thia »an«! conünurd tor fairly long period» baforo 
dUortna «a» datactad in tha carbon brd atfluant gaa atroam.   Tbia mdicataa 
that, daring ihia ponod. all of tha auppivmrntal chlorina fad to tha carbon brd 
raactad with tha triclUoroboroBtna and carbtm to form boron tnchlonda.  . 
Again, th»» auppoattton i» aubatantiatrd by Figure 17, which »howt that for 
9.   \l. and £4 inch » - 1   : inch in«ida diameter carbon brda. th# boron 
triihlondr prodmtton rate »a incraaaad approKimatrty 10 par cant.    Figura 
18. production rata va   total iR-1 and R«^) chlorina rata again »how» that for 
9-.  U*   . and 24-inch rarbon bad haightt. ataantially all d tha carbon bad 
chlorina waa convartad to boron tnchlonda. 

Tha affactivanaat of tha carbon bad is furthrr drmonttratad 
by the highly aignificant mcraasa in the *BCl%/*mhll9 tohd, 

rÄtl0' whlch 

averaged approximately 69 aa compared with tha ratio of 8. <> ior tha five 
control expenmenta BL-§7, 67, 72,  72R and 7J. 

Figure 19 u a plot of the effect of carbon bad height on 
production rale of boron trichloride.    Honaidenng tha nature of the curvaa 
■hown in Figure 19 anr1 the aurpriaingly high chlorine conversions exhibited 
by a 6-Inch carbon bed,  it is felt that a 12 inch long x 2-1 ^2 inch inside 
diameter bed 10.0324 ft.*) is of sufficient aise to convert the complex, at 
a R-l  chlorine rate of 18 cu.ft./hr.   at ST.P.    The boron trichloride produc- 
tion rate at lb cu.ft. . hr. at S.T.P. is approximately 62 lb. /hr. /ft.    of R-1 
charge which is equivalent lo 2.79 Ib./hr.   boron trichloride baaed on the 
J inch diameter x 11 inch high R-l bed.    Dividing the volume of the carbon 
bed,  0.0 J2 ft.* by the boron trichloride production rate 2.79 lb./hr.   yields 
a design value of 0.012 ft.1 of carbon bed per pound per hour of boron 
trichloride produced. 

The low boron pass yields,  which average approximately 
45 per cent,  may be attributed to the operating procedure  which called 
for termination of the experiments at the first appearance of free 
chlorine in the R-2 effluent gas stream. 

Reference in Table XII shows that the phosgene content of 
the condensed product ranged from a low of 0.0 to a high of 1.8 per cent 
Phosgene is for.ned by the reaction 

CO + Clz   ^ COCI, (§) 

Above approximately  1470'F (800'C) the reaction favors total decompos- 
ition of phosgene.    However,  results ahown in Table XII indicate no 
correlation between carbon bed temperatures in the range 1 300-lr6008F 
and phosgene formation.    Phosgene formation was highest for experiments 
in which the 25-inch carbon bed reactor was maintained empty (zero 
carbon bed) or partially full   (6-inch carbon bed).    The apparent conclusion 
is that the combination of a hot empty tube and a reactor gas stream con- 
taining free chlorine and carbon monoxide is conductive fo formation 
of phosgene. 
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Th» «v«*«ir hvdru«#n cntartd« to boron trtcHlortd« «otgiit 
ratio Jar control «sponu «ntt   BL-*?. §7. 11, 71 M4 7^R) and JU-inch 
carban b«d r«p«rtment» •»• 0.11 and 0.1% r«ap«<.tivoly. which rnpratontt 
a «ubttantial improvvttwnt ovvr th« a%«ragr valu* oi 0. It ohiain#d (or 
the prvtimmary ftavvioptmnt t«j»»rima«u.   Tho hyilro|«n contant ul tha 
boric usidr-  aroon food (or th« carbon brtt control «KparimMitt avaragad 
0.1% p*r c»ni whtraat th» p#rr»nta|» in th» boric oaid»-carbon (»»d (or 
th» preliminary development citparimontt «as highar than I.S in aomt 
caaaa. 

F, K(feit of K*»et* Csroon in Faod 

Savtral txponmentt (BL-84 to 91) wera performed to doter 
rnma the »(feet of encesi carbon content of the feed on ua reactivity.   Pre- 
vioualy. enpenmenti had been performed to inveatigate ihia variable aa 
part of the preliminary procee« development «tudiee.   Theea early axparl- 
ment» had indicated that increaamg the excel« carbon from lb par cent to 
ZOO per cent (over the etoichiometnc amount to form carbon ii.unu&ide) 
had very little effect on the production rate and on thtf amount of "white 
aolidt" formed.    The result« for expenmenta BL-84 to -91 are preaented 
in  Tablet XI and XII. 

A nummary of the reaulti ahowing average yielda and pro- 
duction ratea obtained with various formulationa are ihown in the follow- 
ing table. 

Excess 
Carbon 
in Feed 
per cent 

50 
100 
200 
300 

Production 
Rate la) 
Ib./hr./ft.1 

48.0 
45.0 
40. 3 
41.6 

Paas Yield (Conversion) 
■r—' ' if 

r cent 

81.2 
62.4 
85.3 
77.9(b) 

per cent 

79.7 
77.2 
71.2 
75.7 

Overall 
Yield 

94.1 
95.1 
97.3 
85.7 

la)   Based on 14.1 cu.ft. /hr.  at S.T.P. 
^b)   Low because of hole in thermowell requiring shutdown. 

The data shov H^th production    ales and chlorine 
conversions decreased with a», u.   -ease in the excess carbon content 
of feed.    Inasmuch as conditions were about the same with respect 
to temperature,   residence time of chlorine,  and experiment time, 
it is believed that the lower excess carbon feed provided more eff- 
icient contact of the active solids by chlorine.    The bulk densities of 
the various feed materials are shown in Figure 20. 

G. Grate Experiments 

The practice of supporting the R-l bed by a bed of carbon 
pellets would hinder the continuous removal of ash and carbon.   It was 
felt that the use of grate might overcome this difficulty and,  at the 
same time, definitely locate the reaction zone. 
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Accordtngly « •loHvd gr*t« ••• laauJUd M R-t to rrpU.» 
th« twd of carbon polUu.   Atido from iHto modtdcAtion, %hm ty^tw 
•nd op#r«lin| procodurt ••• tlio Mm* ■■ ih*i for til« i-l.i* 14-i»ch 

• crtu •: CArbon U«fl «Kponmonto. 

Th# r«tuJu of* •infi» t«p#nm»«l. BL-T*. iA4te«l#d 
that lot« of 'tw i>rrhr*uni octton normAlty »upplivd by tho »aiiporting 
polUlt »«• '.hr cou»« of A dvcroott in production r«tt ond  jorün p«t* 
yield.    V»tu*l riuimifwitton of the rvouor bottoms thowed ft li^hily 
(u«od m»»» of unr#fttft»d briquet» located juet above the grate. 

VI, RELATI' E REACTIVITY OF VARIOUS SOLiü FEED FORMS 

Studies were conducted to evaluate the relative reactivities of the 
following feed forms 

a. Tablets 
b. Briquets 
c. Spherical Granules 
d. Powder 

Reaction charsctenstics of tabletted feed were reported »n the preliminary 
proces» development studies. 

A. Reaction Characteristics of Bnquetted Feed 

Experiments BL-57.  67.  71, 72R and 7 3 ibnquelted feed, 
control - no carbon bed), summanaed in Tables XI, XII, and XIII are used 
to compare the relative reactivity of bnquetted versus pelletited feed. 
Figure 17,  shows a comparison of oriquetted feed (control, no carbon bedj 
with tabletted feed (preliminary process development e. perimenls) with 
respect to boron trichloride production rates.    This illustration shows that 
at a give rate of chlorine flow,  solid feed in briquet and pellet form 
produced boron trichloride at substantially the same rate.    For convenience 
the following table is presented to compare the reaction characteristics of 
bnquetted feed with pelletised feed. 

 Boron  Chlorine Impurities in 
"PJTi overall Recov- Pass Recov- Condensed Product 
Yield        Yield ery Yield eiy CT^ COCI2 
per per per per per per per 

Feed cent cent cent cent cent cent cent 

Pellets       29(a) 50 73 65 84 0.5-* 20  Not analysed 
Briquets    44 72 78 62 83 6.—^27. 0. 0 to 0. 9 

Production BBC ^B^.        ^^ 

Feed  lb./hr.  BC13 ^Vt.  Ratio wt.  Ratio 

Pellt's 1.99 14 0.38 
Briquets 2.07 8.3 0.11 

(a) Relatively low because of BOC pellets in cold zone. 
(b) Based on Cl2  rate of 15 cu.ft.   hr. at S. T.P. to R-l 
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Iwrau«« of »h# «liHerriii rharitntf proc.durr« a.rd.    TM fortgomi ubl« •ho«. 
!h«! uriqari» *»al p«li»ts «ftlitbil «Imoat id«nlic*l cKlortn« coiivwriioni.    Tiur 
...f.rrr   Ir m ö^c^B^h.,, to|ldi •'•»"» ll4 v•• •> »• n<* *on*i*mr9* •i|nilicÄnl. 
It «•• ,,,.  'r.. ou! previously ih*l ih# lo«r«r hydrogvn chlorid«-baron trichlond* 
«vtr«g« ratio for ihm    «r'*u«. brd ianlrol •spcnmontt ichlorinalion ol boric 
o«id#.»«rbon br.Hu#t«. oo c*rbon b«d). 0.11, •• compared wiih 0. S8 lor BL 
p«prrim»ntt ^ilh prllr'iftod (#od   ..ydrogvn chloride - boron irirhiondo* 
0, I«) * i    the rriull   .: la^er rotidual hydrogen tontent ol tho «olid reed. 

The compar«»le reactivitiee of bnquetted feed «nd tabletted 
feed indicate that reaittvttiet were not affected by difference in particle 
diameter between 1*4 inch ipollets) and J,4 inch ibnquete).   AUo eigniflcant 
t» the fact that briquets exJiibitcd good reaction charactenatir« in spite 
of the adverse "mean particle diameter-freactor diameterrt ratio of iMr*. 
or O.Zh, 

B. Reaction Charattenatic» of Spherical Fred 

A gas fired 3-inch inside diameter x 12-inch externally 
heated pr.mary chlonnator R-I. and a 2-1/2 inch inside diameter x 
24-inch long vertical carbon bee1.  R-2, were used for this aerie« of experi- 
ment«,  BL-108 to 138R.    The efuuent gase« from R-l entered the bottom of 
R-2 and were diacharged at the top.    This change was made to alleviate 
the difficultv of packing of «olid« observed during «everal carbon bed 
experiment«.    The revised reaction «y«tem i« shown in Figure 21.   The 
operating procedure for these experiments was the same as that followed 
for the carbon bed design experiments except that sintered granular 
A'lOOW,  1, 8 inch-1/4 inch diameter boric oxide-carbon feed was charged 
to R-l.   From experiment BL-125 on, the Rj/Ri chlorine ratio wae 
raised from 0. 2 to 0. 3 because it was noticed that some solids were 
passing through the carbon bed into the R-2 effluent gas lines.    Results 
obtained from this series of experiments are «ummarixed in Tables 
XIV and XV. 

Preliminary plotting of boron trichloride production rates 
vs. total chlorine feed rates as measured by rotameter readings yielded 
highly  scattered points for both spherical feed and briquetted feed 
expsrimeats.    Assuming that there were errors in the chlorine feed 
rates because of difficulties in maintaining constant flow throughout the 
experiments, the production rate vs. chlorine rate data were plotted 
with the use of the total recovery of chlorine plus  Cl' as a basis for the 
chlorine rate.    Figure 22, Boron Trichloride Rate vs. Chlorine  Rate, 
shows that very little scatter is evident and that spherical and briquetted 
feed exhibit identical production rates at given chlorine rates.    This 
figure also shows that production rates are 15 per cent below theoretical. 
In other words, actual pass yields based on chlorine and Cl    recovered 
were 85 per cent, the other 15 per cent chlorine was recovered in the 
form of hydrogen chloride,  corrosion products, unconverted solids 
(XBaOs • YBClj) and free chlorine.   The 85 per cent chlorine pass 
yield conversion based on chlorine and Cl" recovered was substantially 
higher than the average value of 64 per cent obtained on the basis of 
rotameter readings. 
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C, iUxtio« Ctwif^ffUltc» of Hp^<t»r»4 r»»4 

The K   • boric osidv-rarhuti ie*4 for cliJorin*Hoii »»i^riinynt» 
with Ih» u»« of » |»a»4«?r#4 (hArg* A»« *• «oJlo«« 

IIL.71. A» IOC»** briHavtt. pttlv«rts«4,  t, !» W m#»li   BL 71. A» 100 
granuivt.   10 mtih.    D*U from ih»i# w o r«i|»«rin»«iii« »      iii(lti4#d in 
r4->J. • XI. Xtl, and XIU. 

The boron • n.Mortd» produrtton ratot for Ih* po»drrrd 
rrrd e«p«rim#mi romparad favoraWy with ihoa» otitatnad for #»|>#rim#n!t 
with faad m lh# form of br»qu»u, tablvti.  or »phencal palUi*.    Boron 
pat« yieldi war*, howtvar. very low,    Intpeilion of tha raonoi bollom« 
• howad evident e of tevere cHannahng throagh the cor*» and futit g of the 
bad.    Therefore, the uiiliaation of a fiaed bed of born   «mde caibon powdered 
feed ti not recommended. 

VII USE OF A COLD BED OF BORIC OXID*;.CARBON MATERIAL TO 
FILTER WHITE SOUPS  

It wa» behvad that tha necaatity for a carbon bed "white »olid«* 
converter R-2 could be eliminated if the R-l effluent gat stream were 
patted through a bed of cold boric oxide-carbon feed malarial which 
would condante the complex on the turfacet of the particlaa.    The pro- 
cett would be readily adaptable to large tcale production with a moving- 
bed counter current flow type reactor having a cold »one of boric oxide- 
carbon, briquett. at the uppermott part of the bed.    Thete cold briquett 
would trap the tolidt which would be chlorinated along with the briquett 
when lowered into the hot reaction tone.    Thirty bench acale  chlonnation 
expenmentt BL-Mb to 172 and 193 to 201 were conducted to determine 
the featibility of the procett.    The retulta are pretented in Tablet 
XVI. XVII. XVIH and XIX. 

The reaction tyttem uted for thi te experimentt wat the tame at 
that uted for the granular feed evalualicn tettt at illuttrated in Figure 
21.   In the latt 7 experimentt, BL-193 :o 201, a todium hydroxide 
tcrubber wat put on ttream in the    ecovery tyttem to recover any 
chlorine not condented in the refrgerated product condentert.   The 
cauttic tcrubber was installed immediately upttream of the vent to 
that the Ortat analytet would include drtermination of carbon dioxide. 
The wet tett meter  meatured carbon dioxide in addition to carbon 
monoxide, oxygen,  and nitrogen. 

With the exception of experimentt BL-156 and 157,  11 inchet of  minut 
1/4,      plus 1/8-inch A. 100W granules were charged to the 3-inch 
inside diamter primary chlorinator, R-l.   For BL-157 and 156 the R   . 
charge contisted of A.83W briquets which had served as the (R-2) 
white solids filtering medium (cold boric oxide-carbon bed experiment^ 
for BL-154 and 155,  respectively.    In all experiments, the R-l boric 
oxide-carbon charge was supported entirely in the hot zone of the gas 
fired reactor tube by carbon pellets.    The material in the cold boric 
oxide-carbon bed (R-2) was A- 150W briquets except for a few experi- 
ments in which carbon pellets were used.    Twenty-four inches of 
material were charged to the R-2 solids filter for all experiments 
but BL-165,   167,   168 and 169, in which the bed was varied between 
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.««.lid m.hr» to d»urmin» in» o^tmatf» •»**.   I« **i*rm*n%* BLMO, 
171    «nd 11^    th» l»mp«r«tttr« a< Ri ••• v«ri»d 10 d»l#rmin» ihr m*»- 
imttti. *llo«r«i»J« i»»«prr«tyrti.   OlIwrwiM no M»l w«i imppli»« t© »•*. 
Vrutl ..-„ ..^rTm.nl. al th». .»nr.. BL-m to ^» ^r. ronda.l.d lo 
4H»rm.nr !h# t*u** u< li^ chlan^ r.covrn«..   Smmplmg i^hnmur. «• • 
tmpfoifrrt daring in*»»* !•«•? ••p^f.monf..    In matl .*•••.  oj»*r*»»ni 
.«.traci.an. .AlUd lor {»«••intf chlorm« to lh» primary chlorin*uon lor * 
prrdrurminrd |*«riod of urn* 10 Ihrorrl.eillv r««cl wih lh« »nur» boron 
chano.   A »oppl«!»»«!!*! chlormo tiroam ••• «ol p«»««4 to »-*.   A|»*ri 
irom !h» alaremrnlioned th*nt»t, IK« ofwrtting pro^dur« *•• th« ••»"• 
4. ih*t lolla*»d lor v#rtic»l carbon b«d dfftign •«p«rimenli. 

Th# «UU turtim*rif»d in T*bl# XIX ihow that tht lir.t ••! o< 
rhlonnation e»p*rimrn«» which utiluad a 11 it inndr diam«t«r « J4 
mm Ion« ÄUüiliary b«d of cold boric onid^-tarbon briquatt. axpartmanti 
BL-M» to I%S emhibiud alightly lowtr chl-nne and boron pa«» yield, 
than r«p#riment. incorporating a healed carbon bed with «"PPj'™"»*1 

.hlonne Iced.    Thi. decrease in pa«« yield« may be allribated to the fact 
that the R-l elfluent tomple« i« retained in a cold boric oxide-carbon 
brd whereat they are converted to additional boron trichloride in a 
heated carbon bed.    The average boron trichloride production rate (or 
the told,  24-inch boric oxide-carbon filter b.?d experiment«,  2.08 ib.^hr. 
»a« comparable to that obtained without u«e of an auxiliary bed. 
The effectiven««« of the filtering act on of the cold bed i« «hown by 
the high average value of J90 obtained for the ratio Bgcij^wh^e «olid«. 

The value is con«iderably higher than the 8. J value obtained for the re- 
gular experiment» (direct chlonnation of boric oxide-carbon briquet«) 
and the 89 obtained for hot carbon bed experiment«. 

The high pa«« yield» aid overall yield» obtained for BL-1S6 and 
157 indicate that «pent   briquet!    coated with "white «olid» from the cold 
auxiliary boric oxide-carbon bed may be chlorinated without noticeable 
loss in yield».    These data suggest that operation of a moving bed type 
reactor incorporating a layer of cold 1  >ric oxide-carbon feed material 
on top the heated reaction section may be fea«ible.    Abnormally high 
boron recovery and yield data may be attributed to sampling error«. 

Figure il shows the relation of height of cold bed to  boron tri- 
chloride yield«.    Data from the following experiment« are plotted 
24-inchbed.   BL-166,  18-inch bed,  BL-167, U-inchbed.  BL-168. 6-inch 
bed    BL-169.    The sharp break in the boron pass yield curve between 
bed heights of 6 and 12 inches indicate« that a 12-inch bed wa« required 
for  maximum effectivene«« at a chlorine rate of 15 cu.ft./hr. at S.T.P. 
This 12x2-1/2 inch*diameter bed is equivalent to 0.02 ft.    cold bone 
oxide-carbon briquet« per lb.  per hr.   of boron trichloride produced. 
With a 6-inch bed filtration of the effluent gas stream for a chlorine rate 
of 15 cu.  ft. /hr.  at S.T.P.  was incomplete,  and this reaulted in plugging 
of glass'wool solids trap.    The decrease in pa^s yields for bed aeight« 
greater than '8 inches might have been caused by plugging tendencies 
rer 'ting from increased packing of the bed.    However it is more reason- 
able to suspect expenmenial error in as much as other experiments with 
a 24-inch cold boric oxide-carbon bed did not indicate any decrease in 
efficiency.    The plot also shows that bed height had  little effect on chlorine 
conversion which is to be expected because a cold bed merely traps out 
the solids and does not convert them. 
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0*t«r mm Alton of tii# m*«imttm »«-mpr r«iur» «l •huh « <ill#r bed of 
l>aric e«i4#'C«rbafi bri<4u#it i« •(Item» ••• ait#mf»lo<l in •«pNFrim#nii BL*iM 
to 164 and 170 la 17^.    Bvd t#rt»|icr«turrt wvrr vantd from  140 to hfO'F. 
With in« *»#<i ma»RUiood «I ^üO'f. Ill«ri »«• r*id»nc# of ••hit« »ohd«* 
hridi»t  >r'.»rrf» briqaott «t woll At botwoon br^urt» *hd fitlor tub« wall«. 
Ho««v«r, at t«mp«r*tur«t »bov« 600T. tb« «((ictonry ol tb« fillor bod 
d.rmm»h«d r«th«r •i(ni(tcantlv *• «vid«nc«<l by plu«gin« of th« «!••• 
• ool trap».    Th«««tr«tt thoMr thai, for maKimum    fftnoncy. th« wording 
part o: the cold bed mutt b« mamtatnad at a tomp«ratur« not «sc««din| 
^00*F.   Figur« 24 «hours th« r«lattonahip b«tw««n (ill«r b«d t«mp«ratur«« 
and thr B--, 'B   . .   .    ratio.    Thia itluttration «mphasii«« th« import* 
anc« of ml^.S ..*.gl,rt»^ »wi»^« P*«'! of th« (tlt«r b«d at t«mp«ratur«« 
not «»€««t.ing SOOT and pr«f«rably at 400 *r or l««s. 

VIII.      USE OF PREHEATED CHLORINE 

Pr«vious «sp«nmentation had indicatad that, at cartain t«mprratur«t. 
th« h«a'. of raaction might be aufficient to parmit operation of th« primary 
chlorinator without ext«rnal heat.   This hypothaata wa«  mad« on th« bant of 
h«at balance» and th« fact that a conaiderabl« temperature incraai« of th« 
bed was observed at atart-up for bad t«mp«ratur«a of 1020 to approximat«ly 
12S0*F.    Twenty-nine bench «cale chlonnation «xpenmant«.  BL-92 to 108RR 
wer« performed to inveitigat« th« degree of ««othermicity.    Th« r«eulti of 
these experiments are summarii«d in Tablca XX and XXI. 

A «ketch of the reaction system utilised for this series of experi- 
ments is shown in Figur« '.5,   Th« 24-inch x 3-inch bor« splil-«l«m«nt 
resistance wire furnace used to hast th« carbon bad for previous experi- 
ments was utilized to pre..eat the chlorine.   Initial preheating experi- 
ments showed that excessive heat losses occuring in the transfer line be- 
tween the preheater and R-l necessitated the heating of this section of 
pipe with resistance heaters.   A carbon bed reactor was not included in 
the test apparatua. 

The R-l boric oxide-carbon charge consisted of 11 inchea of A*83W 
briquets contained in the hot sone of the gas-fired reactor.    Carbon pellets 
or briquets were charged to the chlorine preheater tub« so aa to attain 
good heat transfer from tube to gas.    Except for several control experi- 
ments, the R-l external gas heat was turned off simultaneoualy with the 
introduction of chlorine.    During heat-up,  a nitrogen purge rate equivalent 
in linear velocity to the chlorine velocity was maintained to distribute heat 
and to establish equilibrium conditions. 

Initial attempts to chlorinate A*83W feed briquets with preheated 
chlorine weir- uneuccessful.    These experiments were characterized by 
non-formation of boron trichloride,  excessive hydrogen chloride formation, 
and the appearance of free chlorine in the effluent shortly after start-up. 
A series of 23 trouble-shooting experiments (TSR Runs) showed that the 
absence of reaction was caused by a combination of the following-  (a) uneven 
temperature distribution throughout the reactor bed and improper location 
of the bed thermocouple combining to give misleading R-l bed temperatures; 
(b) excessive hydrogen (water) content of the bed of pellets used to support 
the boric oxide-carbon briquet charge in R-l , and (c) a batch of inferior 
A*83W BOG briquets in R-l.    The TSR results shown in Tables XX and XXI 
are for those experiments conducted after the operating difficulties were 
eliminated. 
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In l'tgur» *%. I*mr «•?•»• t#m{»«r«tiir» rurvvt far chlor (tut • on vsport 
mt iU with «»»«I »iihOMi pr«lir«l of IIM chlonn» «no «nin ond «ttlioot mom- 
•n «n. f ol««i«rnol h«oi I© ih» |»rimor% roortor« »   J. »ro ^•••nlod. 
Thr iot»}# itt»ttid#4 in rigor» io. tommoritrnt th» vonoo« oporoting condi- 
tion«, •!«« inclodf»« lh# %O1IIIIIO ol *»ni <«• tcorlion monowd». f*rbon dio» 
mdv, «nd o«v;#n) (»r hoar of op#r«iintf umo.  mdicofini !ho rvUliv» omoont 
o( r#«iUon ih4l occur rod for ooch o»t>orimi«t.    Figur« ih thoot thot do*^itt 
prohPotm«! ai ihlonn«, • rapid fill in b#d lomporhturo ocrurrod for »Kfwri- 
monu in «h». h tho primory roocior hooi «TM off during cHlarin«tton.    Tho 
r*p»d drop in bod l^mporotoro It r^fWitt-d in much lou»or vvnt-ga« votum« 
prr hour voluv« ond in much lourvr Uoron tnchlortdo production rottt ond 
chlorinr »unv9r»ion».    For r««mpt«. TSR  iO   R-I h«ol momtotnod) pro- 
ducrd fe. »4 U.*,hr. af vont g«» «herro» BL-I'^RK   Rl hr«l afO ytrldod 
only 1.76 ff^ihr.    The rolotivvly high v»ni go» volam# for BL-KH moy 
he oxpioinod by th« htghor t«mpor«turo of R-l ot tho «tort. 

From thf «r dot« It »• concluded ih«t. without «n extvrn«! tourc» of 
he«t to the re«t;tor, he«t lotto« wtr« too Urge for the h««t of rtoction to 
overcome.   It it postlble , however, th«t « more efficient prehe«t«r eyttem 
combined with « better IneuUtod re«ctor will yield more «atief«ctory results. 

IX CHLORINATION OF ANHYDROUS BORAX-W1TCO CARBON 

Teil« were conducted to determine the reocttvity of «nhydrou« 
• odium tetrahoraie.    The advantaaes of thi« material over boric oxide 
were assumed to be a« follows    a' sodium tetraboratc is considerably 
cheaper than boric acid or boric oxide, (b) the melting point of sodium 
tctraborate is HbS'Fa« compared with lllO'F, the softening point of 
boric oxide ithe melting point of sodium chloride would be formed as a 
by-product is lili'F). \c) white solids might not be a problem.    Accord- 
ingly, eighteen chlormation experiments were performed,  and the result« 
are summarised in Tables  XXil,  XXIII.  XXIV.  and XXV. 

Fh»- apparatus used was the same a» that described in Figure 21 , 
conPisting of a  J-inch inside diameter x U-inch ion« nickel,   gas-fired, 
primary reactor,   R-1 ,  and a Z-\ i Z inch inside diameter x Z4 inch long 
electrically   external) heated carbon bed.    No changes were made in the 
recovery system except for the installation of a potassium iodide bubbler 
between the water scrubber and the wet test meter to recover free 
chlorine in the R-Z effluent which was not removed in Ih--- product 
condenser«. 

An 1 1 -inch bed of sintered anhydrous borax   Witco carbon pellets 
with 2-» or 50 per cent excess carbon was charger to R-l.    The excess 
carbon was determined from the stoichxometry of the reaction 

Na2B407 + TCli f 7C    P~    ZNaCl  t 4RC1, + 7CO (TT) 

Exceptions were    (a) experiment BL-194 in which incompletely sintered 
material was purposely charged,  and (b) experiments BL-209,   210,   216 
and 217 in which the charge consisted of anhydrous borax chunks and 
Witco carbon 50 per cent "xcess pellets.    The auxiliary carbon bed was 
charged with carbon briquets or pellets except as follows:  (a) BL-173, 
183-185. boric oxide-carbon briquets erroneously charged; (b) BL-1V4. 
A«100W granules,   (cold filter bed).    R-2 was heated to approximately 
1400oF except in BL-194.    The R-l  charge for experiments BL-186, 
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U7 «Ml IM mmrw im*** to only M0% fU% «nd IM'T    r^.^ruv.ljr. I© 
.:rrf..-..nr th« r««(tivitr •« »h-«» »»• i#m|»rr«t«f ••.   Otl«r«i«» ih# Ä-I 
vh*rt» w«» h#Ä!#d to b»i*##n U00 •«€! UOO'F.   CWdrme •! ^.O «nd i. % 
ett.<t.*hr. at S.T.P. w»» Ud to R-J andR-4. r«tp«<rttv«ly. •«crp« *or 
BLI^Il »h^rr « f«t# af i4.0 and 7,1 cu,<l..hr. at f.T.F. was uttttaad 
*.a (or BL.|*4 in which ihm R^ «cold boric onid.carhon graimU.) 
chlormo (e^d «at »liminatad.    In addiHon to th« 9,0 cu It.. hr. at».    .F. 
chlonnr Itrd.  carbon monomid« at I.Ocu.lt   .hr. at S.T.P. wa. I»d to 
R.l (or r«p#rim«nta BL-itb and ilT.  m an attampt to daltrminr the rlfn« 
of carbon monowdr addition on the heat balance and rrarttvity. 

Table XXIV •ummart.-.et th# yialda.   rrcovene« «nd produ»tion 
data for th# vanoa» typaa of aodium tatraborata chlonnation #*prrimenia. 
For companion, average valuei are presented for enpenmrnt» with 
boric oxide-carbon aa the primary reactor charge. 

Initial anhydroua boram chlonnation eapenmenti indicated that 
«hite aohdt were formed at eaaenti*lly the »ame rate a« f: r eÄperimwi!» 
with boric omde-carbon feed.    Temperature ri«e in the bed dut- to hrat of 
reaction wat observed to be SO to 100 per cem greater for borax-carbon 
feed than for boric oxide-carbon feed.    A significant increase in fusing 
of the reactor bottoms was ai»o observed for borax-carbon experiments. 

Experiments BL-lSb,   187 end 188 were performed at the low imtisl 
bed temperatures of £40,  9li. and Ibl'F,   respectively.    Although the heat 
of reaction increased the bed temperature to as high as IZ50T for experi- 
ment BL-186. very little reaction occurred as evidenced by low pass yie» 
and boron trichloride production ratea.    Experiment» BL-ZOb and Z07 whirh 
were started at an initial bed temperature of 1290,r yielded 1.22 and 
1.19 lb.   boron trichloride/hr.  (at 9.0 cu.ft. /hr. at S.T.P.  Cl2 to R-l) 
whereas,  experiments BL-204 and 208 with an initial bed temperature of 
HOOT, produced only  0. b2 and 0. 74 lb.  boron trichloride/hr.   respectively, 
Under similar   conditions the chloriration of boric oxide-carbon feed yielded 
1.41 lb. boron trichloride/hr.    These data indicate that reaction can be 
initiated at a solid» temperature of approximately HOOT but that higher 
temperatures favor increased boron trichloride production rate». 

A comparison of recoveries,   yields and production rate» for 
experir lents using boric oxide-carbon feed with those using borax-carbon 
feed (experiments BL-204,   206,  207,  208) ahows that production rates 
were 40 to SO per cent lower with use of the borax-carbon.    The hydrogen 
chloride-boron trichloride weight ratio average for the borax-carbon 
chlonnation experiments was slightly higher than the 0.157 value for boric 
oxide-carbon experiments.    The use of a heated carbon bed was equally 
effective in eliminating white solids in the effluent gas lines. 

Table XXIV also shows that for experiments BL-187 and 188 which 
were started at very low temperatures,  in addition to the low production 
rate and pass yields,  hydrogen chloride-boron trichloride ratios wert 
extremely high.    This is presumably due to the reaction of the meager 
amounts of boron trichloride produced with water in the borax-carbon 
feed to   form hydrogen chloride and boric oxioe or boric acid. 
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to R-l   *t*o «."» tu*" /        tZm-im ^u Ral --r##«j i per €•«! ol «M »cxliam- 

.Mrgvil ^ R   I.    i" *fc|^r.»mni »1.191 tM ^•'»»* ^J" V *   Ä corf#1. 

L.nH.ng   m r.*«   » IK. •^OMM oi .od.um r.rn.d o^r "^   *•*£"*" 

rJnTlV ,oP|%9fr.    The eb*rg. »or BL-I^ c-.I.UjI f !"^^ ^ 
..„tered bur^.^rban pelU...    Dar.ng ll«. "^V^"*;^X^fird 
af th.   hlfr f.«p and conden.tr. w.. ab.^rvd.    J^ ^»f»" P*" ^^ 
U »K-r .em. «nd boron tr.rhlor.de prodacuo« '*"-?'U j!''*^'   „4 10*. 
^ulh lo*rr ilwin the averts lar •»p^r.mml. BL^04    tOh    1071 .nd        . 
•hMh*err 4*i.«»|M-r ten! and 0.99 lb. boronirirhloride.hr. 

Material b^nc ralculai.on. for BL  174    *"** ^™?\C™trid. 
oi tH. .od.um .n the bor.^carbon charge w*. c«v« ^j0 •^^^^V' 
M.1 thai only ib per cent o< the boron conter. **• reacted and '•^•'•«» *• 
^ud^-    In «U eTue^ment.. the amount of sodium chloride formed a» 
determine    by JX.de ion ^aly... of the reactor bottom,   a.h or rc.idue) 
i.. c»UIderIbly m eÄce.. oi .toichiometry for that which could be formed 
via the equation 

iNaiB^O, ♦   140^ • 7C ^-    4NaCl ♦ 8BCI» • TCOi 1) 

Experiment. BL-ZtH to ZO* were conducted with 25 per «nt exce.. carbon 
*  borax-carbon pellet, to determine whether any conclu.ion. «uld be re- 
Lched reuardm« preferential chlonnation of .odium over borou.    It will be 
recalled thlfth". 'average boron and chlorine pa., yield, and boron tnc^^e 
uroduction rate, for these experiment, were approximately 60 to -0 P«    «** 
of "ho.e°ör experiment, with boric oxide-carbon briquet, a. primary reactor 
Llrg !   On the" ba... of the foregoing reaction    the ^™\\*;"?*"™f 

boroS tnchlonde production rale for borax feed .hould b« 85;.    P" ""^^^ 
that for bor.c oxide-carbon feed.    The di.crepancy «^f1- that;h' "p^

tl0n 

may be proceeding by a different path.   A plau.ible explanation i. offered 
by the for owing equation. 

aNa,B407 *  14CI, + 7C ->.    4NaCl * 8BC1, ♦ 7CO, 

JNa^B^ * 2BC1,  • 

ZBJOJ + 3C + bClj 

7BiO, * 6NaCl 

4BC1, + 3COj 

co2 + C ^- ir 2CO 

(5 
(TT) 

(I) 

If in addition to reaction (I),  reaction. (0) and £) occur, bu    D   « ^com- 
olete    exce..ive .odium chloride i. formed and lower boron tnchlonde 
production rate, are obtained.    Furthermore    the "white »^   a^dä) 
with u.e of borax-carbon feed can be explax..^ by reaction. {TT) and U). 
The .evere fu.ion of the reactor bottom. char.Kcteri.Uc ^ bor^-carbon 
experi ment. cannot be explained on the ba.i. of reaction ^r^

d
o^e

relative 

meltina (.oftening) points of borax,  .odium chloride, and boric oxide, 
XcTfre 1365'.   1472- and HIO'F respectively.   However, the occurrence 
of reaction (Q) convenienüy account, for the phenomenon. 
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: *•. . XXV tHowt IM! lli# caicuU«»!! Hi vini^nt g«« *lr#«m com- 

with lluit lor bor.c ©»idoctrbon briqort i—d, #»p#r.mrfi! .HI.   i4V 

In rmprr.mvnl» BL-iO^ and 110 th# r««rior cluirg» coiiti«i#<t ol rlwnlii 
ol Anhydrou» borm»   «plo 1^ mclil im#r»p»r«#d with tÄfba« |»#IUl» lo <»*# 
An •poramimji» o%»r«U <#e4 lorn «J*uan of NBO. *0*..  or %o v*«r c»m 
t»c«t» *iuo ««rbon.    0«U them that ^iriuAllv no produci ««• obtain»«* 
• nd iboi to» boron ond .lUorioo poot yloldi ororo ostromfly lo*.   H<m#*tr. 
in •«p»f»mrnl BL-ilO.   I§l g. o< hydrogen chlond».  r»^r#«»nting •boui 
IS p«r c#nl ol iht chlorine chorgvd.  »•« r»co»f*r»d it» th# *«i»r »«.rubber 
indicating th*t torn» boron truhiond« had b#rn (ormrd and th*n hydrolycrd. 
or that the rrtidual hydrogen   a» waur) had (ormrd hydrogen thiondr in 
accordance with Iho (ollowtng tquationt 

H^o     C > CO • Hj H> 

and H, . Ct > IHCl TO 

Thr R.I ihargr to* eKper.mentt BL-ilb and 217 wa» the iamc a» 
that for BL-209 and 210.    In addition to chlonnr at 9.0.  carbon monoxidr 
afl.0cu.ft    hr    at S. T. P. wa» pa«»cd to the primary chlonnator.    Rr- 
•ulti «hou that only iiitignificant amounti o( boron trichloride werr 
formed. 

X. CHLCI.INATION OF BORON CARBIDE 

Seventeen batch expeninent» were perfurmed   o evaluate «he  re- 
action charactenst.c» of borun carbide.    In addition lv iti higher heat of 
reaction,   other possible  advantage« from use of boro.i carbide as the «uur.e- 
of boron include    (a) the elimination of fusing due to the high melting point 
of boron carbide   42b0   F), and ^b) elimination of white iolid» due to the 
abience of boric oxide.    Operating conditions and production data for the 
tests are summarized in Tables XXVI.  XXVII, anc XXVIII.    Average re- 
sults for boric oxide-carbon experiments are included in Table XXVIII 
for comparison. 

The apparatus used for these evaluation experiment» was the 
same as that used for the spherical boric oxide-carbon feed and borax 
feed experiments and is illustrated in Figure 21.    A caustic scrubber 
was added for a few of the final tests. 

The R-l charge consisted of   (a) 1/4 to 1/2 inch diameter boron 
carbide chunks mixed with carbon pellet« in varying proportions ^experi- 
ments BL-158 to 182); or (b) powdered boron carbide and Witco carbon, 
(BL-189 and -190), or (c) A.100W  pellets containing 0.05 lbs. boron 
carbide for each pound of boron carbide plus boric acid (BL.-213,  214, 
and 215). or (d) same as (c) but in spherical pellet form and  with a 
boron carbide/boron carbide plus boric acid ratio of 0.0123,  (BL-222) 
For all experiments,  the R-l charge was supported in the hot zone 
by a bed of carbon pellets.    With the exception of BL-158 and 159, 
the gas heat source to R-i was turned off simultaneously with the 
introduction of chlorine.    In experiments BL-158 to 161,   -189 and -190 
a secondary  reactor R-2, was not used.   A vertical carbon bed contained 
in a 2-1/2 inch inside diarnOr x 24 inch heated pipe to which supple- 
mental chlorine was fed,  was used for experiments BL-175,  176,   177, 
179 and 213-215 whereas a cold bed of boric oxide-carbon briquets was 
used for experiments BL-180,   181.  182 and 222.    Chlorine was passed 
to R-l at a constant rate, except for BL-176 to 181 where the rate was 
varied in an attempt to sustain the reaction without supplying additional 
heat. Page 25 
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•nor chantt of 100 por com bo-oo corbnU w.t noi i.«i»d du- to tho hMMm 
•scotstv« H«*! of r#*ruon. 

Th. r»r.! 1*0 boron carbid. cMor»n*lion •«poriw»«»« »^J**^ ^ 
•hl4n u»»l...d an R-l  .Mrg. o( Uoron earb.do chunk.    "Z'""^^^ 

Ld to he terrn.n-.rd prrmatur.W ^"«r - S^^^ T^Ä* 
•lUinmont o( r«c.*..v.lv high tempor.turoi iabovt IS00  F)      Ytrld. w.re 
*ol (or thr .«m* rr..on.    TaW. XXVIII .how. * .»gmf.c.nt «ncrjr«.« » U» 
g     '0  B ralto.    Mi. vi a.4» lor boric omdo-cÄfbon briqutii) 

Jfub'^^rV.^hypolJ-.i. ^t boru «üd. ^«J*J?*^^^^, 
^whitr •ohd.   .    Th. r.thor high hydrogtn chlondt-boron tr c »*•"*• ••»!?«, 
rltto i."hi r^ult of e«c...iv. hydrog.n •. w.t.r in the carbon *"•"£* " 
t^ Jhort duration of the two eaponment..    Experiment. •[.•^^•" 
uiually exhibit high hydrogen chloride-boron trichlor.de ratio. ^•c*"«# 

boron trichloride formed will initially react with .ny ^'V"""*1»*0™ 
boric oxide and hydrogen chloride until the water J^« f^^»^ 
been e»hau.ted.    In chlonnation eapenment. BL-lbO *"*">*   '  R   • wll* 
and chlorine rate a. I Si and 159   the external gat heat .upply to R-l w*. 
funned of   .!multaneou.ly with the introduction of chlorine to ..e whether 
Z Heat of reaction wa. .ufficient to balance he*» lo..e. and thu. .u.tain 
reaction.   A temperature n.e of approximately 30  F Uo 1320  F)Jcc*r™° 
.hortly after .tari-up with chlorine after which the temperature of the bed 
dropped rapidly and reached lOZO'F. 40 mmuta. after going on •tre»m. 
The rapid reduction in bed temperature and con.equent lo>. of reaction 
wa.   Xcted in   (•) low chloride pa., yield.. 26 per cent, (b) low production 
rate», o!« lb.  boron trichloride, and (c) high chlorine content of the conden.ed 
product, 66,  per cent. 

Attempt, to su.tain reaction over a period of time *Y "*rY™* ** .. 
boron carbide concentration of the charge and by regulating the chlorine feed 
rate^hroughout th€ experiment 1BL-175 to 183)   were partially •^"•^ ' 
Figure 27 depict, the Time-temperature curve, for two °{ ^l**^"™*"' 
BL-179 and 181.  and for an experiment with boric oxide-carbon onquent.. 
Although BL.179and  181 were started at essentially the same tempera arc, 
HOO'F and at the same initial chlorine rate 9.0 cu.ft./hr. al S. F.P.  to 
R-l and 1.0 to R-2 and had approximately the same boron carbide concen- 
tration,   reaction temperatures were maintained .ucce.sfi.lly m BL-   79 
whereas a rap.d drop off was observed for BL-181.    Higher pass yields 
Tnd production rate, were obtained in BL-179.    Boron and chlonne pass 
y"eld. for BL-17Q compare favorably with the average values obtained with 
use of bone oxide-carbon briquets and no carbon bed.    However,  production 
rates were slightly lower. 

It was thorght that the generally low chlorine and boron pass yields 
exper.enced for numerous boron carbide chlorination experiments were caused 
by poor distribution of boron throughout the reactor charge.    Futhermore. 
the poor temperature distribution experienced in these «P"1^"1«/,   ^ 
Spota\  v.as also thought to have been the result of poor boron distribution. 
Arco^ingly      BL-189 and 190 were performed with a charge of intimately 
rn^ed 2G toy 200 mesh boron carbide (27 per cent) and 20 to 40 mesh  Witco 
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carbon !7S per c#nih   Th» Waco carbon «at ant* at *iM>*r b»for# miKing 
»im iHa boron c«rbi4» f>o«d«r.    A carbon l*d «a« no» u«»il lor «!»#•# i«o 
r«p«rtm«ntt.    i:*t#tiiv« hoat ol rvaUion rr»uii*ii inmynintttl ih# R-l 
!f»r7mo**li and prvmatar* thuldown.    T«b.r XXVIU »ho«» Itm bora« |M»* 
yiolda lor ihrio i»»U.   Mowovar IHa rhlonnr CMvortton «K ?7 |ior c»ni and 
boron trirhlor.d» production rat« ol I. * I lb. .hr. lor r«p«rim*nt BL-I^o 
• rr •upenar to rorrr^ponding boru oxtda-carbon bri^uvt.   -no earbon bed 
*vrra«r«.    1 Hr mott •ignificant ratult obtainad in •«prnmrnt »LI^P 
wa» th# lorn hvdrof#n cKlonda-boron trtchlonda wvi«hl ratio   O.O^b).   In 
all prr^iout taprrtment» the carbon in thr bod contittrd ol tmtvred WitCa 
pclUts which contain hydrogen equivalent to between I and I p. r cent watrr 
originating primarily from watrr added during thr pellrt preparation pr^ee» 
Huwever.  in e«per.rnent BL-190. water wai never added to the carbon 

Lxamination o( the retidue in theee enpenmenti failed to indicate 
any fusing or aoflening.   The residues wer« free-flowing.    Furthermore, 
the amount of 'white solid«' deposited In the overhead lines wa» 
negligible. 

In experiments 'JL-ZD.  214, and 21%. the R-l charge consisted of 
1   4-i;ich tablet» prepsred from mixtures of boric oxide, boron « arbide. 
and carbon formulateJ to 100 per cent excess carbon.    This charge ws« 
formulated to yield a boron carbide-boric acid plus boron carbide ratio of 
1,20.   At R-1 chlo'ine rates of 15 and 1 3 cu.ft. «hr. at S.T.P. for BL-21 i 
a:..! 114 respectively,   reaction was excellent.    The reaction was sustained 
for JO minutes   R-l heat off during experiment), until excessive heat 
necessitated shutdown.    The production data for experiment BL-21 i pre- 
sented in  Fable XXV show that reactivity of this feed compared favorably 
with that of boru oxide-carbon briquets maintained in a continuously 
heated reactor tube.    In experiment BL-21 %,  the R-l chlorine rate was 
reduced to 9.0 cu.ft. /hr. at S.T.P.    Reaction temperatures could not b^ 
sustained at this lower chlorine rate.   Af ter a lOO'F temperature rise to 
1 JIO'F.  the bed temperature dropped to 1000'F rapidly.    Experiment 
BL-22^ (A'lOOW t B4C feed, B4C/B4C * HjBO,     0.012}) had tobe discon- 
tinued after 13 minutes of chlorinating time because of plugs caused by 
deposition of sohds in the line.    The hydrogen content of the feed was 
1. 02 per cent. 

XI. USE OF CHLORINE-OXYGEN MIXTURES    CHLORJNATION OF 
BORIC OXIDE «  6ARBÖN F'gat) WttH A MXtÜRg Öfr gHEgjggg 
AND ÖXVÜLN 

In experiments BL-218,   219,  and  221,  the chlorine  feed to R-l  was 
supplemented with oxygen to determine whether additional heat could be ob- 
tained through combustion of the excess carbon present in the  solids charge. 
Data from these experiments are contained in Tables XXIX end XXX. 

The batch type reactor system described in Figure 21 was utilized. 
No changes were made in the recovery system. 

A 3-inch diameter x 11-inch bed of 1/8-1/4-inch diameter AMOOW 
granules was charged to R-l.   A'150W briquets were charged to R-2 
to serve as a white solids filter.    The R-l bed was heated to 1250oF and 
the external source of reactor  heat,  gas,  was turned off with introduction 
of the mixture of chlorine and oxygen.    Each experiment was on stream 
for 1.0 hour,  at which time the experiment was purposely terminated. 
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Time-l#mfwr«tur« n»f*#» far th# Ihr«« »«p«rim«nit •homn m 
Kitfur* I* indi««?r tfut t on»t€l»r«ul» *4«litioA«l h««i ««• obiAin«(t.   Con- 
vvrtion* «nd t»ori>n in» hIor»4» production raut *er» •ubtuniially b«ft»r 
iH«« tor #«|»#ruf%#fHi in which no o«vi«n »«• («4 tmi conttd«rably lowor 
than for r»|*#rMtionli in which rsivrn«! h#«t   wo» motnlAtntd ihroughool 
th« »x|i«rtmont. 

XI!.       ROT AH Y TUBE CHLOR1NATION 

At port of a ««norhl program to tnv««iigAto vartoui other mtthodt 
of prodoi in« boron trichlond«, A Mriot of bench seal« ehlonnotion esptn- 
menta wvrr prrformvd with a rotary kiln typ« reactor.    Th« roaultt of tix 
«xp«rim«nU are •ummanaad in TabUt XXXI and XXXII. 

Ftgur« : • i» an illuatration of th« Rotary Chlortnator.    Th« r«actor 
wa« a tnodifi«d Bartt««t-Snow Rotary Calcmor consisting ttsonttally of 
a 7.fool long nitkr* a.loy tub« with a S-l/2-inch inside diameter carbon 
liner.   Heat w«» * applied by a gat furnace which heated 1-1/4 feet of the 
retort tub«.    Four   i  4   uu h fllghtt, «ach 3-1/2 feet long,  were ingerted 
m the furna.e vhamber.   Dried and preheated chlorine wat f«d counter 
current to th« flow of tolidc.   The boric oxide-carbon feed was charged 
by • screw type feeder.    Th« recovery system was essentially th« sam« 
as illustrated in Figures 1 and Z. 

The operating procedure was as follows 

a) Start retort  rotating 
(b) Preheat the retort for 2 to 3 hours 
(c) Charge feed hopper and feed boric oxide-carbon granules 

or powder) for 2 hours to build up a bed 
(d) Pass chlorine into the system 

The chlorine rate during experiments RC-4,  5 and 6 was varied 
to establish production rate versus chlorine rate relationships. 

In experiment RC-1,  the temperature in the  reaction xone was deter- 
mined by a thermocouple inserted into the bed of rotating feed.    However, 
after this experiment,  flights were installed and the temperature was es- 
timated by visual observation of the degree of glow on the retort tube. 
In experiments RC-4,   5 and 6,  the effluent gas stream waa passed through 
a glass wool filter and then directly to auxiliary water and caustic scrubbers 
until the effluent was dry.    The foregoing modification was effected to 
reduce plugging which plagued earlier experiments. 

As shown in Table XXXI,  the first 3 experiments were  performed 
with sintered granules as the feed material.    Powdered feed for RC-4,  5 
and 6 was prepared by pulverizing granules and then drying the powder at 
500 "F for  3 hours.    The feed analysis for all experiments wa;   a^pruximately 
the same. 

For the first three experiments,  it was necessary to operate the 
chlorinator with the retort tube revolving at the lowest speed because both 
the retort tube and the solids feed screw were connected to the same 
drive.    Even at the lowest speed the amount of solids fed was 5 times the 
stoichiometnc quantity required to react with the chlorine.    The chlorine 
feed rate was limited by the capacity of the recovery system.    Table XXXII 
(recoveries and yields) shows that very little product was formed.    Chlorine 
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r«cev«ry »at to« b«c«(i«« at l#*k» m tlM tytt^m.   rr#i|iMrni thuKSMrA »f 
r»ji»rtm«ftU AC   I 19 I »*• nr. ra»i'.«tr4 by llw (ttrtmlion of ptug« in III» 
cftUrM gat iinr« «nd in ihr r*iO««rv •»•inn.    It it twlifrvd liwit «tmMl 
• II of Ih* boron (nthUrid« «HiKh ««•  fermod r«Acl«4 willi llw »«Itr con- 
■*.• r : m ih« •«€#•• bone oudO'carbon franiüar food to form hydrof« i 
rhlondt.  bon« o»id# «nd bone «eid tolidt which plati«ft ihm rilUrni 
<«•  hiir«.    For r«p#nntnif RC   4.  % and b.  %tw aolld« Itrtlrr wat tonnorl. 
•d to a »vparat« dnw« which prnntitad a aiowar aohdt (t«d rat« and rtducvd 
th* amount of watrr introducad with th« («ad.   At th« •am# tima it par» 
mittad a more rapid rotation cd tht rvtort tuba which improvad tha fltihi 
action. 

During a calibration mpanment with powdered (aed. good (light 
action wat obsarvad in tha retort tube. The cylinder loading wai «bout 
4-par cant of tha cylinder volama. 

For espenmantt RC-4, 5 and 6 a line out period daaenbed in tha 
operating procedure wat mttituted.    However, during experiment RC-4. 
only one water tc rubber wa» uerd.    The highatt boron trichloride pro- 
duction rate.  1.0 Ib. ihr. <ft.1 ol crott tactional area wat obtained in 
FC-6.  with a chlorine convertton of  14.7 per cent, and a chlorine re- 
covery of 71.8 per cant.    Thit production rate it bated on the expm- 
ment time only and exi ludet the line oat period. The item "MCI Pro- 
duction Rate aa HCIt" in Table XXXII it the amount of boron tru hlonde 
that reaited with water in the feed,  to form hydrogen chloride. 

Figure   i»   ahows ihe production rate of boron trichloride    the 
production rate of boron trichloride plut hydrogen chloride at boron 
trjchlonde and the chlorine rnnvemon at a function of the chloride 
feed rale for experiment« RC-4,   S-l,  5-2, and 6.    The theroetical 
producUon rate of boron trichloride,   100 per cent chlorine convemon, 
based on chlorine fed Iü also shown for purpotet of comparison.    These 
data show that a maximum production rate and chlorine convertion was 
attained at a chlorine rate intermediate in the tett range.    The phenomenon 
may be attributed to the coaling effect of chlorine when fed at rales 
exceeding I3.S cu.ft./hr.   at  S.T.P.    The bed temperature may have 
dropped below the minimum, about 1100'F   required for reaction. 
However,  other factors such as degree of leakage and feeo characteristics 
may have influenced the shape of the production rate and conversion 
curves. 

The purpose of the Rotary Chlorination experiments was not to 
obtain extensive operating data but to determine the feasibility of the 
process.    Results obtained from six experiments have shown that boron 
trichloride can be produced in limited yields by chlorination of boric 
oxide-carbon feed material in a Rotary-Calciner type reactor.    However 
process variables such as flight design,   residence time of feed,  effect of 
chlorine rate over a wider  range,  effect of feed characteristics  such as 
particle size and per cent excess carbon,  would have to be investigated 
before building a pilot plant reactor.    Based on operating experience,  it 
is anticipated that fusing of boric oxide-carbon feed on the retort walls and 
in the retort bed would present obstacles to continuous chlorination. 
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xui.   coNcmsiots 

m.r* found to nvr br.icr control u* b#d i.mp.r«iMr#« ihan «n mitf**"* 

bone  u»,dr «nd carbon «i #UvÄl»d ump#r«taroi.   Haling ^J»«^*» 7;*. 
HI L . rooisunco bed-tUcirodo lurn*c» w#ro ociom^n»^ by   (*) pr#f»rrn. 

t.on .cross ihr bed. (b) rr^uenl los. of contort b«t»*tn the olectrodot snd 
thr b*d   «nd   c) (using of the bed. 

B. Pondered mi«turss of bone o.idr snd csrbon ^ ••« Jo 
chlor.nstsd sotistoctorUy m . fiMsd bed due to .tunneling ol £"%"*•* 
by fu.10»  of the bed st temperstures required for resction.    Fred formuJ.tion. 
contsimng 100 per cent esces« csrbon were tested. 

C. T.blrtted mixtures of boric oxide snd furnsce blsck corbon con- 
fin.ng 100 per cent excess csrbon were chlor.nsted sstisfsctonly st 1100 to 
ISOO'F without fusion of the resctor bed. 

D Boric oxide-csrbon feed in Ihe form of slmond shsped briquet, 
or 1/8- to l^-.nch .phencsl gr.nules chlonnsted s. well ss tsbletted feed. 

E An incres.e in the exce.. csrbon content from ^0 to 300 per 
cent wa« 'ac.ompsn.ed by . decres.e in the boron trichloride P^dut^on 

rate, and chlorine conversion.   Appsrently. this wa. r.u.ed by decres.ed 
boron concentration, of the reactor bed. 

F. Increa.mgthe reactor bed temperature from 1125 to at lea.t 
liSO'F resulted in an mcrea.e in the chlorine conversion from ^»0 to 8.: 
per cent. 

G Vent «a. analysis for expenmenl. in wh;ch the bed height 
wa. varied from  3 to 12 inche. indicated that carbon diox.de rather than 
carbon monoxide i. formed first. 

H. A chlorine residence time of approximately 0.25 «econds is 
required 10 produce a product free of chlorine. 

1 The following results were obtained for chlorinating a 12- 
inch deep x 3-inch diameter bed of boric oxide-carbon briquet, at approxi- 
mately HOOT, and at a chlorine rate of 15 cu.ft./hr. at a. i.i-. 

BORON 

Pa.s 
Yield 
per 
cent 

44 

Over 
all 
per 
cent 

72 

cov- 
ery 
per 
cent 

78 

CHLORINE 
 KT 
Pas. 
Yield 
per 
cent 

62 

cov- 
ery 
per 
cent 

83 

Condensed 
Product 
Impurities 
*M * ■ m 
per 
cent 

6.0 
to 
27 

per 
cent 

0.0 
to 
0.9 

BClj 
Pro- 
duct- 
ion 
Rate 
Ib.yhr. 

2.07 

B BC1,    HC1 
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co«l4in.d »« th. boric «.d—rbo« 1:6. -ub bora« inciüorult w«. mimml«.<l 
bv obt#rving r.f.d •iiütrmg «ml food «torftg« pro*tdMre«. 

K 'Wh»«« •olid«' wbich wor» forimd «• « byprodttd «od drp^.itr.t 
.» the .inarm ■«• »««••. ••• virltt*Uv »hmiryiud by p«»*mt «»»• primary rt- 
MMZZ ihroagh .'.•condary r^.or coouming h^ c-rba« JJ^-^ 
h.vm. • .eo«r«l» chlorm. r##d.    A b»d conwinini O.Oli (i.    ol .Äfbon per 
«^n?«r h^ir ol boro« iruhiand. produced, and boalod to oppro«i»ml.lv 
^SV^ wlrrtqli.r.d^o ronv.rl the-^hnr .olid." lo •ddilional baron in- 

chlondo. 

L. An unhe.ted lilier bed ol O.Oi boric oxide-c.rbonbriHuei.i 
pound, hour ol boron inchlonde produced «rgs aUo lound to be elective in 
ehmmoting th# problem ol "while tolidt*. 

M Bcnc oxide-carbon chlonnÄlion eKpenmenti wilh prcheoted 
chlorine were m.oncluiive because of iht inadequacy of the teit equipment. 

N The inclusion of imall amount« of boron carbide in the boric 
oxide-carbon charge provide, .ufficient additional heat when reacted with 
chlorine to maintain reaction temperature without esternal hoat. 

O. Supplementing the chlorine feed ga» with oxygen resulted in 
additional heat but not enough to auitain the reaction. 

P Chlorination of .odium t.traborate pl-i. carbon i. characten.ed 
by   (a) preferential chlorination of .odium, (b) exce.tive fu.ion of the reactor 
bottom."   c) 'white .olid.- formation at appraxim.^ 
boric oxide-carbon feed.   The exce.tive fu.ion o. the bottom, i. b^e^ 
to be cau.ed by the formation of boric oxide a. MI intermediate.   The Pre- 
paration of boron trichloride by the chlorinatlo i of borax-carbon in a fixed 
bed reactor i. not recommended. 

Q. Chlorination experiment, in a rotary kiln type reactor with 
boric oxide-carbon granule, a. .olid f.ed .howed that boron ^^^f9 

could be produced in limited yield, but that operation of a commercial sis. 
reactor i. not fea.ible becau.e of the low chlorine conver.ion. 

XIV.      ATTACHMENTS 

Table. I through XXXII indu.ive 

Figure. 1 through 30 inclu.ive 
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A. 

TABLE I 
HAW MATtlUALS 

CARBON. WITCO CHEMICAL COMPANY 
CHEMICAL AND PHYSICAL DATA 

B«nch 
Seal« 
Stock i») 

Pilot 
PUnt 
Stock lb) 

99 99 

4 (typical I) 4 

0.2 1 

70 70 

1.90 1.80 

20 27-JO 

Fixed Carbon   par cent) 

Moisture tma«. P*r cent) 

Aah ipor cent) 

Particle Si»«   "»A') 

Specific Gravity 
Density lapp'rent lb. .cu.ft.) 20 

«)SKF-F-l Witco powder 
(b) SRF br»ds, approximately I/lb inch diameter. 

B     BORIC OXIDE. BORIC ACID, AND ANHYDROUS BORAX 
CHEMICAL AND PHYSICAL DATA 

B^O, iper cent) 

H^O (per cent) 

Na (per cent, maximum- 
typical) 
SiO|(per cert, maximum- 
typical) 
AljOjiper cent, maximum- 
typical) 
FeaOJ(per cent, maximum- 
typical) 
CaO(per cent, maximum- 
typical) 
MgO(per cent, maximum- 
typical) 
Bulk Density (Ib./cu.ft.) 
(loose packed) 
60 mesh 

100 mesh 
(a) U.S. Borax and Chemical 

(b) 60 and 100 mesh technical 

(c) Dust 

98.83 

0.75 

0.1-0.05 

0.3-0.14 

0.2-0.09 

0.1-0.04 

0.0 5-none 

0.02-none 

H.BO^ajjb)       Na.B.Or (a)(c) 

56. 3(theoretical) 69.2(theoretical) 

43.7(theoretical) Na.O^O^^^^^ 

0.1-0.005 

0.3-0.14 

0.2-0.09 

0.1-0.04 

0.05-none 

0.02-none 

6.0 

61.5 

Corporation 

grade powder 

0.05-0.015 

0.05-0.007 

0.01-0.005 

0.02-none 

0.01-none 

SO, 0.27-0.005 
Typical Analysis 
Na2B407-99.3 
per cent 
H2O 0.4 per cent 
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TABLE I   Can|»h»*r«i| 
HAVMATgBlAUS 

C,    BORON CAJIBtDR   CHEMICAL AND PHYSICAL DATA 

B«C lp«r r«n;> 

R«»iduAl (c) p«r c«nt 
ircc carbon, ash, watar) 

CIR ja) 

70.9 

29.1 

Norbtda tb) 
Lot 1        C3 2       Lot 1 
91.2 S2.4 77.6 

tt.b 

I 
B|0|   per cent) 

Acid insoluble 

Pa 
i 

rticle St ae 

not given 0. J         z.s 4.B 

not given 98.9         9t».b 94.4 

I 
not given SO mesh    ). lb S/16 

to 1/lin.   to to 
1 /2 in..   i .^ in. 

*)    Cleveland Industrial Research,  (technical grade).   This (eed wa* 
used in experiments BL-158 to 161. 

(b)    Norton Company, technical grade. 
c)    Determined by difference. 

D.    CHLORINE. HOOKER ELECTROCHEMICAL COMPANY,  100 POUND 
CYLINDERS 

Impurities 

Carbon Telrachlondc 

Chloroform 

Hexachl or ethane 

Ferric Chloride 

Carbon Dioxide 

Oxygen 

Nitrogen 

- 40 parts per million 

- 40 parts per million 

- 2S parts per million 

- 2S parts per millioi 

- 0. S per cent by volume 

- 0.4 per cent by volume 

- 0.07 per cent by volume 

E.     NITROGEN. AIR REDUCTION COMPANY 
Oil pump grade,   in cylinders of 224 cubic feet at standard temperature 
and pressure. 
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TABLK IX 

rRW:i35 DZVO-OPWl^f^EXFEinMEKT^ 

BCi, HCi HCI^X^ H in 
' .,- V4     r Made ^X^BCl, R-l  Fred 
No. i* wt. Rat to per cent 

BL'l 1 917 224 .244 

HL16 ni.i 15) .4§I 

IIL   17 ^00. > 186 .172 

Ml.   1« 14.2 21.^ .629 

HL   19 §42,4 126 .212 

ÜL-24 88.4 4o.4 .S25 

BL.26 946.4 294 .ill 1. J 

iil.  Jh 196.8 49 .249 1.1 

TABLE X 
CARBON MONOXIlMC-CARBON DIOXIDE RATIOS 
 PROCESS DEVELOPMENT EXPERIMENTS 

Expt. 
No. 

Bed 
Height 
in. 

Chlorine 
Rate 
cu.ft. . hr. 
at S.T.P. 

Tem- 
pera- 
ture 
•F /CO, 

BL-1S 1 8.9 1146 1.1 

BL.29 i 9.0 1292 1.05 

BL  10 3 9.0 1112 0.77 

BL-31 3 9.0 1472 2.1 

BL-21 b 11.5 1319 2.02 

BL.Z3 6 11.5 1130 0.89 

BL-25 6 11.5 1341 4.0 

BL-27 6 11.5 1591 7.17 

BL-13 12 9.1 1323 4.4 

BL-4 12 6.8 1335 0.1 

BL-17 12 6.8 1124 1.18 

BL-28 12 4.3 1292 1.5 

BL-8 12 3.6 1360 7.3 

BL-11 12 3.6 1593 86. 

BL-16 12 3.6 1154 1.6 

BL-19 
BL-2Z 
BL-26 

12 
12 
12 

34. 
34. 
34. 

1302 
1174 
1180 

4.1 
2.32 
2.33 
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CAfi.E XI
QrCftATIMC CQKOITfONi rOft MlUMAaV CAM0OM milU ( MLOHINATION i»f

0« Aat*
!• M
• I Hi
tm h hr ft kv .
M *.1^. mA.1^

•ou« r—4
f^rmrnUum Jl u . th^ -r

A I 
A I
A A
BL

10.t•
19 9 
^.9
♦ .9 
9 9
9.9

lA.i

49.9
49.9

9.1 
9.1
1.14
♦ .40

♦ .♦*.«
•>.4

• 4 49

4.9 
4.9

4 0

♦ .9 
4 9
I 0 
1.9 
1.4

9.99
9.99
9 19 
0.99 
0.99 
0.0
9.9

4.99 
1.40 
1 40 
ir*<9
1.9

1.9
1.9
10 
!.♦ 
0.9

9.9
1.9 
1.9 
1.9 
ir9<9

0

9. iUO«t49Ki^W 
9.IOOV4^K1>9 
9. I09«4>KI «9 
0 tOOl94^Rl 
9.10''«4^HiV9 
9 MH)*4MU«0 
9.1O9V4VJUV0

9. )D«V4^Kl >C 
9. ICCV4-.KI90 
9.lo«V49IU'0

9.1999W4M(I'>4

A.I90tt49A».V«.90«9> 
A. I90»49‘.9hV» 90«f*> 
A. I00«40^9«.«9 90»«J 
A. lOcB^O^iMora OOVai 
A i M « 9w » • 
AlOOAfc.** 
AlOOMlw**

A.a^h^
AiOO»4SSV« 
A9)«V409m9«(99W9J 
A9)«499tiW«<90«« 
A9l«r40i«««<90«« 
A9>V409w»*t99«* 
A9)«409«««(*««« 
A9)«409wV«I90W* 
A9I«4>>9mW«(90«* 
A9t«409M«»(90«* 
A9»W409««9«90«» 
A91«40»MW»(90«a 
AH»i63>,W»(h0m* 
A91A409t.»*l99»«

9*U«ia
^Uaia
B*U«t*

fwllata
^a«««

P0U0*0
p0li0*0
P0ll0t0

9ri9«»t
9rt.4M«l

9rti««**

1114
1494
1494
1494
1494

1494
1494
1494

1494
1494
1494

Dark Ti«a
ilaa rima Ca«aaa

'••AOTMAM af A.>iar« <■‘1
A 4 Km* rat Okaaraa
•r _ At. A*.. Af.M.

1199 0.19 9 991 0.17
1044 0 19 9 117
1491 14-4 4 90 0.90
1491 1 47
144 7 9 40 0 04
1444 0 97 4. 4v
1494 9.4U#.a7
1494 9.94'’0 oa’

9 49 0.1'

p4«9 «l •••• Um 9«9 h«l«v9 < 
pl«« Ik 1M9 lk« Ik c 9*9

••varkl pl««9
9kt*kkk > I

|»t»« Ik > 9*4

0, 1949.019? 
9.Illkflk*

•kgUglMk klflMM 000 Itm0 akilOk
M It.t .« klilkkkt ••• IlM kkllOk

9ri4Ml
9rtH<ikt
9r»^w«l

9ri^a«i
tr4.«>*kt

0 III# 1919 70 9 19 as«.-aaa <-l| ai al
19 1149 1149 0.07 AIM
19 1949 1144 4.11 9.44
10 1999 ;494 1.44 9.^0 plat 0* raactar
19 11A<t i9.4 1449 1.99 9.9$
.1 I4!a 14’4 0.4' 9.97 plat *• *»M

1 1 991 1999 1.94 1.94 1.91
11 1194 1419 9. 19 aa plat
II 1444 1 144 9.79 9. 79 0,79 Hm
11 1494 1494 1.91 9.90 1 01 A*«9
II 9 1119 1917 0 91 a# plat 9.91
11 10 lOH 1909 1.00 0.19 9.99
II 11 1199 1944 1.00 a# plat 1.9
11 11 1199 1911 0 44 aa plat 9.91
11 10 1479 1441 0.41 9.4: plat 1* raa^tar
II 11 1447 1494 0.99 9.99 i9) p.at U « M4
11 11 1179 1990 1.49 aa plat 1.4
II 10 1197 1944 4.99 a# plat 4.9

9rl<t<Mt
brHitkt 4 I

14
14

1194
1194

1494

I4^9

1994
1911
I4W

1999

9.9’ 00 pi00 
9.79 00 0tm0 
9.*7 9.97 
1.99 1.99

p4«f Ik vkkitkv 9k4

99 19 1.9 L9 1 >4* graaalaall i4 1194 1474 9.47 9.97 plat ta < 9a4
94 1 9.9 A0)» . 40Ay«a 9c«a) bftnaat 11 9 1404 i474 1.44 aa plat 9.91
*9 9 1.9 A914i.409uka 90«a^ krtpaat II 9 1194 I4b4 0.9«> 9.0 9.94 pfattaiOaO
71 19 1.0 AOlff .40Sa»a a«.«a, brt«4aa1 11 9 1494 1909 0.17 #.)» 9.0)
74 9 traca A4t«.4'>0uAa 9> «a> brtsaai 11 9 1449 1474 0. 9 0.74 0.74
71 19 irac9 AA>«..bAa»a 91. «a) brinaat 11 9 HZ': <440 9.9) 00 plat • .«)
74 19 1.0 14).4* traaaiaall <9 1I4« • «'4 0.74 •• ptot 0. 74
7lA 19 1.0 A0i«.44'9a«a a« «ai brtaaai 11 9 IMi 1944 0.4) aa pf«t 0, )7 plat M. < bkO
7« 4 1.9 A91« .4w9a«4’9uAa; brlpaat II 9 1114 1474 4.44 9.49 0.49 plat ••• < Aa4
79 4 i.9 A9l«.40*a«a ao«a. brltaai 11 9 1471 M09 9 )) aaplat 9. )l ^at Ik a 4 «c aa4|
'a 4 1.9 A4)a.;o»a«a 4<>«a brt^aai II 9 1174 I4*‘4 9.44 4.44 9 44
99 11 4.4 A9l«.40»aaa<M«al bri.4a#t It 4 l|T9 1 )00 0.44 a* plat 9.40
74A 4 I .9 A91«. 4u»a»a 0i-*0) brtsaat 11 4 1449 1 no 0. 1940.9) 0. )0
90A ll 4.4 A9la .40A.«a 40«a) br^aat 11 4 1199 14t4 0.4l9a«. plat 0.0)
91 19 1.0 A9)4..7JAaaa ACffai briaaat II 9 117- 1 * b.40 aaplat O.OA

019 19 1.9 A«)ki0«>.«» ••OAa) b**taa« II 4 1194 la .4 0.4^ aa^Aat 4 4>
»Z 19 1.9 Afia 40»aaa M)«a) bri«4aat II 4 lAa4 1444 > ./ .. . ,.la*
94A 19 1 9 A4)k4HSa«a k' ka) bfHiaat II 4 1411 1« 4 0. IW a# plat '> 1
91 9 19 A0«»:09a«a 90«a) br >«(aat II 9 1444 14)4 0 4>00.0) 1 44 platt* * kk4
44 4.0 1.9 Al'-r-W-uSuka brMaai 11 44 1)44 1 >44 9 .9 • .94
49 4.0 1.9 Atui «.;u»a«a bri.xat II 44 U)4 149a O.bi aapta; kkai4a«a ba«aaa* al laaka
9911 14.4 1.9 Al'- . »>.«a krisaat II 49 I4U4 1474 9 90 U.90 akai«««a aa« a . •# «f piat l* ' ba4
99 14.4 19 AS< a *« briauat II 44 1)49 1S4l 0 fci ki. p.at a.04
47 14 4 1.9 A>wa4f>A.ka brt^aat II 44 W40 144* u 4) aa ptat
47A 10.4 19 A90«4uA.aa bripaal II 49 1440 14)*. w >0 au plat 0.49
99 14.1 1.9 A400«409aka bra^aat N 44 1194 14)4 0.40 aa plat 9 49
94 14 1 1.9 A49 OAwka bMpaal II 44 1440 14't 0.07 a. plat 9 97
90 14.1 1.9 A10««40Au«a brttaai 11 44 14)9 1494 9.99 a. plat 9.99
9lt<) 14.1 1.9 Ala0«49AaAa 11 44 1404 1474 9.49 kal# OaraaA lAraa^ tkanaavaU.

Ml9<9tU«k« «r|rt.kMk

19.9
1.9

1.9
9.9

A9)W4Cft..A« 9<.«*( 
AIOu«40SM4k »«••(

9ri4,k«* 1
••• 1
r«mkfk9 
••• 1
r«k»kr9k

1449
l»49

1914

1994
9.9i 00 0i00
1.17 00 0*00 1.17

I •* >*»»«»! 9k4.
00w40r Itmnt gr0mmA-m0 0rt^m0U0

M mkAA 0mm40t frkik trkkkO m0 40000*00

9|

14)

Ai. 19- 99 k>k*k prkllmlkktf ^rk4«k« 4k»*lkAm«ki kkiMftmkMk.
Al. 97 91 ««I« •Ikikf •k^rtfVMkta
AL.-94-9I 0000 fkkOk tk4kt«rniik« «flk4t uf kmkkkt 0* ••«.••• ckrbkk.

AL-79, 7T, •■A 79 %■« Itakcklikkkkkk k»^tiiMkl*.

Ckrk<M ^llkik Ik tkrkkk 9k4 wr* m**4 fur kmpkrm.kta* AL 14 t« 91.
AI.I4I041 Ilk t aWtk kkria«M«i .. -kk4. A« •■•«««. a «tia vrappaO A 1. 
fel.-9A.C^ A-9 I Ik. i0f00 ul r psllaia aa tap at » Ik. Ikyor af kkric uaiAs (.arW pallMa.Al.-9p.C^ A-9 I Ik. larar ul C psllaia aa tap af » Ik. Ikyor • 
AL 99 i« 9k 4 1 /4 la. • 49 ta. kariaakikl c 9s4.

All •apriKnaair. I la. t.4. a 14 ta n^vkat pip« A I W00 0004.

KlapaaO «im<« w

♦L 97 t. 91. 0,.m^ AL-79 B0tH aM4a-u 
t 1. 4 Ik. 1.4. a 49 Ik. *«a«»«kl varkaa 9a4

ta A - 4 aMwat paa air* » a# t0d*€0*04 0f calar ikaapa #4 pMkoAlia IkilAa aaliAlak.

aalf. AappaataA 9f 9a« ^ carkaa paUata la 4*14 m

ff

.nmr»
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TABLE Xm
BHI-ATrVC AMOCTCTt OF BOIlOW TMCHIXMUDI. AKS WiTTY »OU». AUKU-UBT CABBOW BEP EXFCIUMCNTS

Boron Not C—vTt><

c«r«.
Wo,

<~hlort— Bow 
B. I l(- i ll-F

Sp.C«Fl

A>l

A>t
BL>

OT

6t

70

71

•u

7tK
T2B

74B
MB

•7
•TB
M
•9
»0

77
7B

20.00

15.00

10.00
5.00 
•.00 
•,oe 
•.00 

(7.00

20.00

».00

20.

0.10 
• .!• 
». 2«

7.00

».«
fc.W
7.4C

17.20

4.00 
4.00

4.00

7.00 
7.00

7.00 
17.00 
17.00

1.00

7.00 
7.00 
7.00

17.00

7.00 
17.00

7.00

7.00 
17.00

12

17

!•
7

7.0

7.0

14.2

14.2

14.2

14.2
14.2

14.2
14.2
14.2

17.0 
».0 
7.0

4.00

3.00

2.00 
1.00 
1.40 
1.40 
1.40 
1.00

12.0

12.0

12.0

12.0
12.0

12.0

12.0

12.0

3.0

7.0

0.70

0.70

0.34

0.40

0.40

0.00

0. 40 
4.»0 
1.20 
1.20 
lr*c« 
1.20

1. M 
1.00
3.00 
1.7 
0.4 
0.4
1.0 
1.0 
>.• 
(r«c* 
3.0 
0.4 
>.•
3.4 

tr«c* 
tr*c« 
3.0

3.0

1.0 
!.• 
1.0

2.4 
!.•
2.4

7.0

3.0

3.4

7.4 
!.•
!.•
1.4 
!.• 
!.• 
!.• 
!.•
1.0

3.0 
0.4

1.0

4.0

10.0 
10.• 
10.0

1.0 
i 1.0

n.o 
11.0 
11.0 
11.0 
11.0 
11.0 
11.0 
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1232 1740 402.4 37.J 772 4.0*7 .4 0.30 *•
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FIGURE 6 - 

Cli Rate,   cu.   ft.   hr.  atS.T.P. 

PRODUCTION RATE versus CHLORINE RATE FOR 
BL EXPERIMENTS (BORIC OXIDE CARBON FEED 

FULL BED LEVEL) 
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FIGURE 22 - PRODUCTION RATE VERSUS CHLORINE RATE FOR 
SPHERICAL AND BRIQUETTED FEED 
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